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HNPCC Hereditary non-polyposis colon cancer 

HOTAIR HOX transcript antisense RNA 

  
I 

 
IAP Intracisternal A-particle 

IARC International Agency for Research on Cancer 

IDH1 Isocitrate dehydrogenase 1 

IGF2 Insulin-like growth factor-2 
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J 
 

JARID1 Jumonji, AT-rich interactive domain 1 

JMJD2C Jumonji domain containing protein 2C 

  
K 

 
KAT6B K(Lysine) acetyltransferase 6B 

KDM2B Lysine (K)-specific demethylase 2B 

KRAS Kirsten rat sarcoma viral oncogene homolog 

  
L 

 
lncRNA Long ncRNA 

LOH Loss of heterozygosity 

LSD1 Lysine (K)-specific demethylase 1 

LYL1 Lymphoblastic leukemia-associated hematopoiesis regulator 1 

  
M 

 
MBD Methyl CpG-binding domain 

MBD1 Methyl-CpG binding domain protein 1 

MeCP2 Methyl CpG binding protein 2 

MEF2B Myocyte enhancer factor 2B 

MIRLET7BHG MIRLET7B host gene 

MGMT O-6-methylguanine-DNA methyltransferase 

miRNA MicroRNA 

MLH MutL homolog 

MLL Mixed lineage leukemia 

MMP9 Matrix metallopeptidase 9 

mRNA Messenger RNA 

MSI Microsatellite instability 

MUTYH MutY DNA glycosylase 

MYC v-Myc avian myelocytomatosis viral oncogene homolog 

  
N 

 
ncRNA Non-coding RNA 

NRAS Neuroblastoma RAS viral (V-Ras) oncogene homolog 

NSD1 Nuclear receptor binding SET domain protein 1 

NSE Non-seminoma 

  
O 

 
OR Odds ratio 

OS Overall survival 

ox-BS Oxidative bisulfite 

  
P 

 
PGC Primordial germ cell 
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PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha 

piRNA Piwi-interacting RNA 

PIWIL1 Piwi like RNA-mediated gene silencing 1 

PML-RARA Promyelocytic leukemia-retinoic acid receptor alpha fusion oncoprotein 

PMS2 PMS1 homolog 2 

  
R 

 
RARβ2 Retinoic acid receptor β2 gene 

RB1 Retinoblastoma 1 gene 

RNA Ribonucleic acid 

RNA-seq RNA sequencing 

RNF43 Ring finger protein 43 

R-RAS Related RAS viral oncogene homolog 

rRNA Ribosomal RNA 

  
S 

 
S100A4 S100 calcium binding protein A4 

SCLC Small cell lung cancer 

SE Seminoma (except Chapter VI) 

SE Super-Enhancer (only Chapter VI) 

SEER Surveillance, Epidemiology, and End Results 

SEMA5A Semaphorin 5A 

SETDB1 SET domain, bifurcated 1 

shRNA Small hairpin RNA 

SIRT1 Sirtuin 1 

SLC47A1 Solute carrier family 47 member 1 

SMAD2 SMAD family member 2 

SMYD3 SET and MYND domain containing 3 

sncRNA Small non-coding RNA 

snoRNA Small nucleolar RNA 

SNP Single nucleotide polymorphism 

snRNA Small nuclear RNA 

SRA SET and RING-associated 

  
T 

 
TBC1D16 TBC1 domain family, member 16 

TCGA The Cancer Genome Atlas 

TDRD1 Tudor domain containing protein 1 

TERRA Telomeric repeat containing RNA 

TET2 Ten-eleven translocation oncogene family member 2 

TF Transcription factor 

TFBS Transcription factor binding site 

TGCC Testicular Germ Cell Cancer 

TGFβ Transforming growth factor beta 
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TP53 Tumor protein P53 

tRNA Transfer RNA 

TSS Transcription start site 

TTD Tandem tudor domain 

T-UCR Transcribed ultraconserved region 

  
U 

 
UHRF1 Ubiquitin-like with PHD and ring finger domains1 

  
V 

 
VASH1 Vasohibin 1 

  
W 

 
WGBS Whole genome bisulfite sequencing 

WHO World Health Organization 

WNT5A Wingless-type MMTV integration site family, member 5A 

  
Z 

 
ZBTB4 Zinc finger and BTB domain containing 4 

ZFAS1 ZNFX1 antisense RNA 1 

 

 

 

 

 

 

 

 

 

Note: When more than one gene/protein from the same family is mentioned, the list 

contains only the first mention. 
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Abstract 

Tumoral evolutionary process occurs through the sequential accumulation of mutations 

and epimutations that are responsible for cell heterogeneity and sub-clonal selection, as 

well as for drug resistance and patients associated mortality. Recently, diverse classes of 

non-coding RNAs (ncRNAs) were described to be implicated in the regulation of key 

players of carcinogenesis. By standard and high-throughput methods, we analyzed the 

epigenetic landscape of different types of cancer, uncovering cancer-related pathways, 

emphasizing those related to the regulation of ncRNAs. 

Small nucleolar RNAs (snoRNAs) guide post-transcriptional modifications of 

spliceosomal and ribosomal RNAs. Some members of this class of RNAs are disrupted 

in cancer, where modifications in ribosome biogenesis have also been implicated. We 

verified that SNORD123, ACA59B and U70C are transcriptionally silenced by DNA 

hypermethylation of the CpG Island that overlaps the promoter region of their host 

gene. Of particular interest, SNORD123 and ACA59B are conserved across vertebrates 

but they do not have a known target (orphan snoRNAs). Taking into account that these 

snoRNAs are expressed in normal colon and are epigenetically repressed in some 

colorectal cancer cell lines, we suggested that they can have a potential contribution to 

carcinogenesis. Moreover, we described the DNA hypermethylation of these three 

snoRNAs in leukemia samples.  

Piwi-interacting RNAs (piRNAs) are mainly expressed in germline cells, playing a key 

role in the epigenetic silence of transposons or guiding their cleavage. We reported the 

epigenetic transcriptional inactivation of the genes encoding the piRNA-related 

proteins, PIWIL1, PIWIL2, PIWIL4 and TDRD1, in both seminomas and non-

seminomas. These epigenetic lesions occur in a context of piRNA downregulation and 

loss of DNA methylation at LINE-1 loci. Importantly, recent studies had shown a 

similar epigenetic transcriptional disruption in other cancer types; and in non-genetic 

infertility syndromes, that are epidemiologically linked with testicular cancer. 

To better characterize the epigenetic landscape of a cancer cell, we interrogated the 

entire methylome in several cancer and normal samples. We first established the 

methylome of two acute myeloid leukemia (AML) cell lines, OCI-AML5 and OCI-

AML3, the latter harboring a missense mutation in DNMT3A, present in ~20% of the 
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AML patients. By comparison with the methylation profile of AML samples, we 

identified a set of twelve differentially methylated candidate target loci for DNMT3A in 

AML, validating their transcriptional reactivation in our cell line model. Thus, the 

leukemogenic gene MEIS1 was actively expressed in OCI-AML3. By screening the 

highest-ranked differentially methylated regions that potentially regulate non-protein 

coding genes we described a signature of four hypomethylation-associated 

transcriptional reactivated ncRNAs in the DNMT3A mutant cell line, namely 

ENST00000413346, LOC100506585, ENST00000443490 and MIRLET7B host gene 

(MIRLET7BHG). We also suggested that some of the DNMT3A potential target genes 

could be linked to worst prognosis observed in AML patients harboring the DNMT3A 

mutation, particularly MEIS1 and the host gene that carries both let-7a-3 and let-7b. 

These two microRNAs were previously described to be overexpressed in AML. 

Based on the loss of differentiation in cancer cells and expanding our study to other 

tissues, we interrogated the methylation profile of genomic regions known to be 

responsible for cell identity, namely super-enhancers. We established a correlation 

among tumor-related hypermethylation of super-enhancers and transcriptional silencing 

of the corresponding related genes. Our results showed that their methylation profile is 

also associated with specific cancer types. However, the methylation of the super-

enhancer that regulates the host gene of let-7a-3 and let-7b tumor suppressors was 

linked to their silencing in both lung and breast epithelial cancers. In colorectal cancer, 

we described tumor-related super-enhancers undergoing hypomethylation-related 

transcriptional activation of the related genes, such as MYC and RNF43 oncogenes. We 

hypothesized that the impaired expression and binding of transcription factors could 

establish novel super-enhancers. We identified FOXQ1 as a probable transcription 

factor responsible for the loss of DNA methylation at colorectal cancer-specific super-

enhancers that control MYC and RNF43. 

DNA methylomes highlight the epigenetic landscape that regulates the expression of 

key players in cancer biology. Some of these players are non-coding RNAs that should 

be exploited as biomarkers for cancer diagnosis, or as targets in personalized therapeutic 

approaches to control tumor progression and/or metastasis. 

Keywords: Epigenetics, DNA methylation, Non-coding RNAs, Small-nucleolar RNAs, 

Piwi-interacting RNAs, Super-enhancers 
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Resumo 

O processo evolutivo de um tumor é feito através da acumulação sequencial de 

mutações e epimutações, sendo estas responsáveis pela heterogeneidade celular e por 

uma seleção sub-clonal, bem como pela resistência dos doentes a fármacos e 

mortalidade associada. Recentemente, diversas classes de RNAs não-codificantes 

(ncRNAs) foram implicadas na regulação de elementos-chave da carcinogénese. 

Através de métodos standard e de high-throughput, analisámos o perfil epigenético de 

diferentes tipos de cancro, encontrando vias transcripcionais alteradas, dando especial 

ênfase às vias relacionadas com a regulação dos ncRNAs. 

Os small nucleolar RNAs (snoRNAs) dirigem modificações pós-transcripcionais de 

RNAs spliceossomais e ribossomais. Alguns membros desta classe de RNAs estão 

desregulados em cancro, onde modificações na biogénese do ribossoma também têm 

sido implicadas. Verificámos que os snoRNAs SNORD123, ACA59B e U70C estão 

silenciados transcripcionalmente por um aumento da metilação do DNA da ilha CpG 

sobreposta à região promotora do seu gene hospedeiro. É de destacar que os SNORD123 

e ACA59B estão conservadas em vertebrados, mas não têm um alvo conhecido 

(snoRNAs órfãos). Tendo em conta que estes são expressos em cólon saudável e que 

estão epigeneticamente silenciados em algumas linhas celulares de cancro colorrectal, 

sugerimos que também podem contribuir para o processo de carcinogénese. Além disso, 

o facto de termos detectado um aumento de metilação do DNA correspondente a estes 

três snoRNAs em amostras de leucemia, reforça a nossa teoria.  

Os piwi-interacting RNAs (piRNAs) são expressos principalmente em células 

germinativas, desempenhando um papel fundamental no silenciamento epigenético de 

transposons ou dirigindo a sua clivagem. Os nossos resultados demonstram o 

silenciamento epigenético da transcripção dos genes que codificam para as proteínas 

relacionadas com os piRNAs, nomeadamente  PIWIL1, PIWIL2, PIWIL4 e TDRD1, 

tanto em seminomas como em não-seminomas. Estas lesões epigenéticas ocorrem num 

contexto de baixos níveis de piRNAs e de perda de metilação do DNA nas regiões 

correspondentes ao LINE-1. De forma semelhante, estudos recentes descrevem o 

silenciamento epigenético da transcrição noutros tipos de cancro; e em síndromes não 

genéticos de infertilidade, neste caso epidemiologicamente associados ao cancro de 

testículo. 
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De maneira a caracterizar melhor o perfil epigenético de uma célula cancerígena, 

estudámos o metiloma de vários tipos de cancro e de amostras de tecido normal. Em 

primeiro lugar, estabelecemos o metiloma de duas linhas celulares de leucemia mieloide 

aguda (AML), OCI-AML5 e OCI-AML3, a última das quais tem uma mutação missense 

no gene DNMT3A, estando presente em ~ 20% dos doentes com AML. Comparando o 

perfil de metilação do DNA de amostras de AML, identificámos doze regiões 

diferencialmente metiladas candidatas à ação da DNMT3A, validando a reativação da 

sua transcrição no modelo de linhas celulares. Deste modo, vimos que o gene 

leucemogénico MEIS1 se expressa ativamente em OCI-AML3. Analisando as regiões 

com maiores diferenças a nível de metilação de DNA e que pudessem potencialmente 

regular genes não codificantes para proteínas, detetámos a existência de quatro 

ncRNAs, ENST00000413346, LOC100506585, ENST00000443490 e MIRLET7BHG, 

associados a uma reativação transcripcional devido à perda de metilação do DNA na 

linha celular portadora da mutação no gene DNMT3A. Sugerimos que alguns dos 

potenciais alvos da DNMT3A, poderiam estar relacionados com um pior prognóstico 

em pacientes com AML que são portadores da mutação no gene DNMT3A, 

especialmente MEIS1 e o gene hospedeiro que alberga let-7a-3 e let-7b, tendo já sido 

descrito que estes microRNAs exibem maior expressão em AML. 

Tendo presente a perda de diferenciação das células cancerígenas e querendo expandir o 

nosso estudo a outros tecidos, investigámos o perfil de metilação de regiões descritas 

como responsáveis pela identidade celular, os super-enhancers. No contexto tumoral 

encontrámos uma correlação entre o aumento de metilação do DNA dos super-

enhancers e o silenciamento transcripcional dos genes correspondentes. Apesar do 

perfil de metilação dos super-enhancers ser específico do tipo de cancro, a metilação do 

super-enhancer que regula o gene hospedeiro dos supressores tumorais let-7a-3 e let-7b 

foi associada ao seu silenciamento, tanto em cancro de pulmão como em cancro de 

mama, ambos epiteliais. No caso do cancro colorrectal, descrevemos super-enhancers 

submetidos a uma perda de metilação associada à ativação transcripcional dos 

oncogenes MYC e RNF43. Estabelecemos ainda a teoria de que a expressão e ligação 

desreguladas de fatores de transcripção poderiam promover a formação de novos super-

enhancers. Identificámos FOXQ1 como um provável fator de transcripção, responsável 

pela perda de metilação dos super-enhancers específicos de cancro colorrectal e que 

controlam MYC e RNF43. 
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Os metilomas de DNA destacam o perfil epigenético que regula a expressão de 

elementos-chave na biologia do cancro. Alguns destes elementos são ncRNAs que 

deveriam ser explorados como biomarcadores para diagnóstico de cancro e também 

como alvos em estratégias de terapia personalizada, com vista ao controlo da progressão 

tumoral e/ou das metástases. 

Palavras-chave: Epigenética, Metilação do DNA, RNAs não-codificantes, small 

nucleolar RNAs, piwi-interacting RNAs, super-enhancers 
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1. Cancer 

The generic term cancer is related to a large group of pathological conditions associated 

to the abnormal and uncontrolled growth of cells. Also called malignant tumor or 

neoplasm, it is due to the active transformation of normal cells into highly malignant 

successors. They disturb the homeostasis between the different types of cells among any 

tissue or organ
1-3

. The uncontrolled ability to divide leads to the emergence of large 

populations of cells which no longer follow the standard principles that regulate the 

normal tissue construction and maintenance, such as cell differentiation, growth and 

programmed death. A hallmark of this malignant disease is the ability to invade 

adjoining tissues. Cancer cells, outside the limits of the normal tissue from which they 

derive, can enter into the circulation and spread to distant organs and eventually 

establish secondary tumors. These secondary tumors, called metastases, are the main 

cause of death from cancer
1
. 

1.1 Historic perspective 

Cancer is a disease as old as man, haunting our lives from the antiquity. The actual 

increase in life expectancy accentuates even more this man’s oldest foe that was aptly 

considered a “monster more insatiable than the guillotine”
4
. Its definition comes from 

earliest civilizations and was continuously updated, in the light of new knowledge 

derived from observational studies and from the tireless look for new effective 

treatments. 

The origin of the word cancer is attributed to Hippocrates (460-375BC), the often called 

father of medicine. He used the terms carcinos and carcinoma to distinguish between 

malignant non-ulcerating and malignant ulcerating tumors, respectively. Carcinos 

means crab in Greek, whereas the equivalent Latin word is cancer. At that time, 

Hippocrates described and drew externally visible tumors, since it was not allowed to 

open the body, according to Greek traditions. Breast cancer was not treatable then, but it 

was one of the few types of tumor that could be seen outwardly. Probably he used the 

term crab to highlight the similarities found between the continuous growth of this 

tumor, accompanied by swollen finger-like spreading veins, and the silhouette of a 

crab
5
. The concept scirrhos (scirrus in Latin) was also introduced by this physician to 
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indicate tumor rigidity on palpation and he divided this pathology into benign and 

malign. He also discriminated between superficial and deep carcinomas, considering 

that they should be treated as singular entities. In terms of therapy, at that time it was 

suggested that tumors that were not treatable by medicine should be cured by “iron” 

(knife extraction). Likewise, those that couldn’t be cured by iron should be cured by 

“fire” (cautery). Those not cured by any option referred before were considered 

untreatable. He also introduced the concept of palliative care and indicated that any 

treatment of occult or deep-seated tumors could decrease the survival period of a 

patient
6
. 

Aulus Celsus (25BC-50AD), a roman physician translated the Greek term carcinos into 

cancer. He described a variety of superficial cancers and identified the differences 

between cancer and non-malignant cellular proliferations
7
. He highlighted the 

involvement of the axillary glands in breast cancer and suggested the potential 

dissemination of primary tumors
8
. Later on, the Greek physician, Claudius Galen (130-

200AD), attributed the word oncos (the Greek term for swelling) to describe tumors 

(origin of the term Oncology) and introduced the term sarcoma for tumors of raw meat 

(in Greek sarkos)
8
. Breast cancer started to be treated by total mastectomy, being 

reported by Aetius (527-565); and Lanfranc (1252-1315) described the differences 

between benign and malignant breast tumors
6-9

. 

Historically, the practice of autopsy, the illustration of tumors and the introduction of 

microscopy were essential for the understanding of cancer. Concomitantly, new theories 

have emerged: the cellular theory by Robert Hooke (1635-1703), the Blastema Theory 

by Johannes Müller (1801-1858) and the Chronic Irritation Theory by Rudolf Virchow 

(1821-1902)
8,10-13

. 

The term metastasis introduced by Joseph Recamier (1774-1852) gained a very 

important relevance after the confirmation that malignant cells could migrate from the 

original tumor and metastize (Karl Thiersch, 1822-1895). This process was thought to 

take place through lymphatic vessels except for sarcomas, where malignant cells should 

enter the bloodstream (Theodor Billroth, 1829-1894). Meanwhile, John Birkett (1815-

1904) described the process by which malignant epithelial cells initiate the metastatic 

process, calling it microinvasion
11,14,15

.  
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The impressive technological breakthrough of the 20
th

 century allowed an extraordinary 

jump in the scientific knowledge. In oncology, this exponential development allowed 

scientists to growth tumor cells artificially (Alexis Carrel, 1873-1944) and Theodor 

Boveri (1862-1915) suggested that “malignant tumors might be the result of a certain 

abnormal condition of the chromosomes, which may arise from multipolar mitosis”, 

setting the basis for the Chromosomal Theory of Cancer
16,17

. In 1953, the discovery of 

the deoxyribonucleic acid (DNA) structure by James Watson and Francis Crick
18

 trigger 

a huge impetus in the molecular biology and genetics worlds. This impulse originated 

two of the biggest discoveries in cancer field. The discovery of oncogenes, highlighting 

their malignant potential
19

, and of tumor suppressor genes which were commonly 

downregulated in tumors
20

, gave rise to a new era in the oncologic field.  Oncogenes 

and tumor suppressors, as well as a plethora of associated mutations driving the 

malignant pathway, supported the postulation of the “Somatic Mutation Theory” for 

cancer origin. Accordingly, a single somatic cell accumulates multiple genomic 

mutations often affecting genes that control cell cycle and proliferation, inducing an 

uncontrolled hyperproliferation, initiating the tumorigenic process
21

. 

Importantly, in the last 30 years of cancer research, the amount of information published 

is such huge that overpass our capacity of integration. Therefore, cancer research area is 

becoming more specialized in subfields that need to be somehow connected. Nowadays, 

the integration of all the acquired knowledge must be addressed by multidisciplinary 

teams to join the different pieces of this complex puzzle. 

1.2 Cancer Epidemiology  

Cancer comprises currently more than 100 distinct types, with their respective subtypes 

of tumors
22

. Its overall health impact, prognostic outcome and limited treatments, are 

since centuries ago a huge concern.  

In 2012, cancer figured as a leading cause of mortality and morbidity, with 14,1 million 

new cases and 8,2 million cancer associated deaths worldwide (13% of all deaths)
1,23

. In 

order of frequency, the six most mortality-associated cancers in men were lung, liver, 

stomach, colorectal, prostate and esophagus. In women, this list is composed by breast, 

lung, colorectal, cervical, stomach and liver (Fig. 1.1)
23,24

. It is important to emphasize 
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that cervical cancer is however the most prevalent and lethal type of cancer in some 

developing countries
1
. 

Importantly, there is a clear difference on the incidence of certain types of cancers 

across countries that present different economic growth. Low- and middle-income 

countries register about 70% of cancer deaths worldwide. They present significant 

differences in terms of cancer etiology, where viral and microorganism infections 

assume the top positions, raising the risk for cancer development
1
. 

1.3 Cancer Etiologies 

Aiming to discover the origin of cancer, researchers prompted the establishment of 

several correlations between lifestyles and cancer development (Fig. 1.2). Historically, 

the first recognized correlation was the fact that celibate nuns had almost no cervical 

cancer; nevertheless they had a normal incidence of breast cancer. Accordingly, 

Bernardino Ramazzini (1633-1714) hypothesized that female hormonal cycles and 

sexual hormones could predispose them to this second malignancy
25

. Nowadays the 

International Agency for Research on Cancer (IARC) is responsible for the release of 

periodical monographs evaluating the possible causes of cancer. A wide range of causes 

has been categorized, generally with a very specific exposed subpopulation. Chemicals 

(e.g. formaldehyde), personal habits (e.g. tobacco smoking) or viral infections (e.g. 

hepatitis B virus, HBV) are some of these examples. 

1.3.1 Genetics  

The incidence of particular types of cancer within families led to the establishment of 

some genetic correlations. For instance, the hereditary predisposition for gastric, breast 

and some other types of cancer was hypothesized and later confirmed with the 

discovery of oncogenes and tumor suppressor genes
15

. In the case of retinoblastoma, the 

presence of an inherited mutation was described to predispose for a second one, 

ultimately leading to the onset of the tumor
20

. 

1.3.2 Environmental and Lifestyle  

In developed countries, tobacco and diet are associated to almost 50% of cancer 

incidence. Nevertheless, it is important to refer some almost exclusive factors that  
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increase cancer risk in these countries, namely the contribution of pollution, food 

additives and use of pharmaceuticals. 

In the late 20
th

 century, tobacco smoke was classified as the most significant human 

carcinogen, being responsible for 30% of cancer deaths in the United States
26

. Etiologic 

studies demonstrated that lung cancer risk increase 22 times in male and 12 times in 

female smokers, respectively
27

. Importantly, tobacco consumption is the major cause of 

cancer that can be prevented
1
.  

Alcohol consumption is another avoidable cause of cancer and it has been associated to 

3,6% of all cancers
28

. Its uptake increases the risk of liver, colorectal, oral cavity, 

larynx, pharynx, esophagus and also female breast cancers
29

. The incidence is dose-

dependent, with higher cancer occurrence for moderate/high alcohol intakes, compared 

to light drinkers
30,31

.  

Physical inactivity, dietary factors, obesity, environmental pollution, occupational 

carcinogens, and radiation are other main cancer risk factors worldwide. Relevantly, the 

ultraviolet radiation exposure is carcinogenic and the major cause of skin cancer
1
.  

Recently, covering a very broad population, the consumption of red meat and processed 

meat was evaluated in terms of carcinogenicity as “probably carcinogenic to humans”. 

Epidemiological data and mechanistic evidences showed a positive correlation between 

consumption of red meat (cancer risk could increase by 17% for every 100 gram 

portion) and processed meat (18% for every 50 gram portion, eaten daily) with 

colorectal cancer. Additionally, the IARC pointed out for the existence of a positive 

association between consumption of red meat and pancreatic and prostate cancer; and 

processed meat and gastric cancer
32

.  

In terms of pharmaceuticals, female oral contraceptives were associated with an 

increased risk of breast cancer and a decreased risk of ovarian and endometrial cancers; 

however, tamoxifen increases the latter one. The risk of vaginal cancer was associated 

with the employ of the estrogen diethylstilbestrol. Conversely, post-menopausal 

hormone substitution therapy decreases the risk of colon cancer but increases the risk of 

endometrial and breast ones. The risk of colorectal cancer is also decreased by the use 

of non-steroidal anti-inflammatory drugs
33

. 
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1.3.3 Infections  

Over the last decades, parasitic infections of Schistosoma haematobium in the urinary 

system, Clonorchis sinensis in the liver, and Helicobacter pylori in the stomach, were 

strongly correlated to bladder carcinoma, cholangiocarcinoma of the bile ducts, and 

gastric cancer, respectively
14,34-37

. Chronic infections account for one fifth of all cancers 

worldwide. Clearly contributing to these numbers are the human papillomavirus (HPV) 

and the hepatitis B virus (HBV), associated to cervical and liver cancer, respectively
1
.  

1.3.4 Cancer Burden Reduction 

According to World Health Organization (WHO), the avoidance of certain risk factors, 

specially tobacco use, could reduce in more than 30% the total number of cancer 

deaths
1
. In terms of tobacco consumption, a comprehensive ban on tobacco sponsorship, 

promotion, advertising  and national smoke-free laws could decrease significantly its 

consumption
1
. Changes in lifestyle; familiarity with major risk factors, like diet, sun 

exposure and occupational exposure to carcinogens; and knowledge of cancer familiar 

history would be also important in terms of prevention
38

. 

Personalized and effective treatment, comprising chemotherapy, surgery and 

radiotherapy, as well as a more tailored diagnosis and early detection, could raise 

considerably cancer survival rates. In developing countries, there is a special require for 

cancer control plans in order to improve cancer prevention and care
1,38

. On the other 

side of the coin, developed countries started to prevent the man’s oldest foe, sometimes 

with extreme measures. In women with or without previous breast cancer diagnosis, the 

contralateral prophylactic mastectomy (CPM) and the bilateral prophylactic mastectomy 

(BPM) have increased over the last years. The indication of these invasive chirurgical 

interventions are based on high risk factors that include mutations in breast cancer 1, 

early onset (BRCA1), BRCA2 or other breast cancer predisposition genes, familiar 

history, diagnosis at young age and breast histology. The difficulties of the decision-

making process have important psychological and ethical components. However 

efficient and innovative reconstructive approaches turned these procedures more 

attractive and eligible
39

. A study published in 2008 evaluated the negative and positive 

expectations pre- and postoperatively, body image perception, sexual activity, health-

related quality of life, anxiety and depression after bilateral prophylactic mastectomy 
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followed by reconstruction. In this group of women, the follow-up indicated negative 

impact on body image and sexuality, but no effects on quality of life, anxiety or 

depression
40

. Partial or total prophylactic surgical resection of ovary (oophorectomy), 

testis (orchiopexy), colon (colectomy), thyroid (thyroiectomy) and stomach 

(gastrectomy) can also prevent the onset of their related cancers. Recently, a 

prophylactic prostatectomy (prostate) was also conducted; however the associated risks 

are nowadays excessively severe to generalize this type of intervention in a near future. 

Some of the risks comprise urinary incontinence and impotence
41

. 

1.4 The Hallmarks of Cancer 

Despite the enormous variety and complexity throughout cancer types, there is a set of 

common physiopathological implications shared by the majority of cancers. Tumor cells 

enter in a process of mitotic immortality, supported by a persistent proliferative 

signaling, cell death resistance selection, escaping from growth suppressors and 

enabling angiogenesis, acquiring a more aggressive phenotype when they undergo 

under an invasion process and cell survival in an ectopic environment
22

. The hallmarks 

of cancer were recently upgraded by two new concepts. Cancer cells experience a 

metabolic reprogramming to ensure a continuous cell growth and proliferation; and they 

adopt a set of features that allow them to escape from the immune system (Fig. 1.3)
42,43

. 

Under a selective pressure, altered cells find out several ways to be undetected. They 

thrive in a chronically inflamed microenvironment, evading the immune system 

recognition and suppressing the immune reactivity
42

. Tumor inflammation is one of the 

processes that contribute to the acquisition of some of the hallmarks of cancer. 

Malignant lesions are usually enriched in activated inflammatory cells, sources of pro-

angiogenic and growth factors. Concomitantly, tumor microenvironment is also 

supplied with reactive oxygen species, inducing DNA damage and genomic 

instability
44

.  

All together the previous hallmarks allow cancer cells to survive, divide and colonize 

neighboring and distant vital tissues. This cellular malignancy is based on the 

acquirement and accumulation of genetic and epigenetic changes, hereditarily 

maintained across cancer cell divisions
45

. Genomic instability affects both tumor 

suppressor genes and oncogenes. Generally, tumor suppressor genes, after an initial loss 

of heterozygosity (LOH), can be silenced by a genetic mutation; or epigenetically, by 
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DNA methylation or histone modifications
46-51

. Fundamentally, tumor suppressor genes 

need to be inactivated in both alleles (loss of function), whereas the gain-of-function of 

oncogenes can be mediated by the activation of a unique allele
22

. The mechanisms of 

activation of oncogenes include gain-of-function mutations, DNA copy number 

amplifications and chromosomal rearrangements
22,51,52

.  

1.5 Colorectal Cancer 

1.5.1 Epidemiology and Etiology 

In 2012, according to the GLOBOCAN database
23

, the estimated number of new 

colorectal cancer cases worldwide accounted to around 1,4 millions. This type of cancer 

is the second most common cancer in women (614.000 new cases; 9,2%) and the third 

in men (746.000 new cases; 10%). There is a clear geographical disproportion in its 

worldwide incidence, where more than half part of the new cases occurs in the 
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developed countries. Nevertheless, in terms of mortality, the less developed countries 

showed 52% of total number of deaths by colorectal cancer with 361.000 cases (both 

sexes)
23

.  

In terms of etiology, the attributable lifestyle-related risk factors are diet (specially rich 

in red meats, processed meats and meats cooked at very high temperatures), physical 

inactivity, high stress, obesity, smoking and high consumption of alcohol
53

. Other risk 

factors not related to lifestyle comprise: age (increased risk in older people); type 2 

diabetes; history of ulcerative colitis, Crohn’s disease, or certain kinds of polyps; and 

race or ethnic background, for instance being African American or Ashkenazi
53

. 

1.5.2 Genetic Inheritance 

Colorectal tumors occur sporadically in the majority of cases. Nevertheless, there are 

three recognized inherited syndromes linked to a higher incidence, being responsible for 

5-10% of the cases. Germ-line mutations in tumor suppressor genes, including 

adenomatous polyposis coli (APC) gene, linked with Familial Adenomatous Polyposis 

(FAP); mutL homolog 1 and mutL homolog 2 (MLH1 or MSH2), linked with Lynch 

syndrome (also called hereditary non-polyposis colon cancer, HNPCC); and mutY DNA 

glycosylase (MUTYH), linked with MAP syndrome (MUTYH associated polyposis), 

lead to a higher risk for the development of the disease. During colonic oncogenesis 

through the last syndrome, APC gene is secondarily mutated, whereas it is congenital 

mutated in the FAP syndrome, or somatically in sporadic colorectal cancers
54-56

. 

1.5.3 Molecular Alterations 

A genetic model for colorectal tumorigenesis was defined by an ordered set of 

pathological events. At molecular level, premalignant entities experience a sequence of 

specific genetic alterations that are translated into well-characterized clinical 

morphological alterations
57

. 

According to this model, colorectal cancer starts with adenomatous polyps that arise 

from the normal colonic mucosa, being considered the precursor lesions. Consequently, 

they initiate a multistep evolution leading to an adenoma-carcinoma status, that is very 

well characterized (Fig. 1.4)
58,59

. Clear evidences point out that the majority of 

colorectal cancers start with an abnormal activation of the Wnt / β-Catenin Signaling  
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Pathway (APC mutations), followed by the activation of the epidermal growth factor 

receptor (EGFR) signaling network by kirsten rat sarcoma viral oncogene homolog 

(KRAS) mutations. At late stages, transforming growth factor beta (TGFβ) response 

inactivation (SMAD family member 2/4, SMAD2/4) and loss of tumor protein P53 

(TP53) function cooperate to support the malignant process
60,61

. Despite the genetic 

model of colorectal cancer, progression presumes of the accumulation of other genetic 

and non genetic defects
62

. Epigenetic events in cancer-related genes and non-coding 

RNAs (ncRNAs) involvement is being considered more and more as essential to 

uncover the tip of this iceberg
63,64

. Cancer cells, that initially hold a limited set of 

genetic and epigenetic alterations, start to accumulate and to combine cellular 

modifications, resulting in subpopulations of cells that activate distinct pathways, 

getting selective advantages in terms of cellular maintenance and proliferation
43,63,65

. 

There are three canonical molecular pathways implicated in colorectal cancer 

progression: chromosomal instability (CIN); microsatellite instability (MSI); and 

Cytosine-phosphate-Guanine (CpG) island methylator phenotype (CIMP)
66

. The 

molecular profile of CIN positive tumors includes gene copy number variation (CNV), 

chromosomal rearrangements, aneuploidy and a frequent  LOH
67

. It is implicated in the 

inactivation of tumor suppressor genes, namely APC, TP53, SMAD4/SMAD2 and 

deleted in colorectal carcinoma (DCC); and activation of oncogenes, namely KRAS, 

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

Catenin (Cadherin-Associated Protein) Beta 1 (CTNNB1), within both sporadic and 

inherited colorectal tumors
68-71

. MSI is a hypermutable phenotype caused by the loss of 

DNA mismatch repair genes (MLH1; MSH2; MSH6; and PMS1 Homolog 2, PMS2)
66

. 

Around 15% of all colorectal cancers harbor this feature, having a tendency to arise in 

the proximal colon with a mucinous or signet ring appearance. They are poorly 

differentiated, tend to present lymphocytic infiltrates, respond differentially to 

chemotherapeutics and have a slight better prognosis. The inactivation of MLH1 can be 

attributed to the acquired hypermethylation of its promoter, through CIMP pathogenic 

pathway. CIMP refers to the extensive hypermethylation of CpG islands in the promoter 

regions of several loci, namely those regulating the expression of tumor suppressor 

genes
66

. 
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1.5.4 Stages of Disease 

Throughout tumor progression there are well-defined stages. The one at which cancer is 

diagnosed determines treatment options, being crucial for the prognosis. At early stages, 

when confined to bowel mucosa, colorectal cancer is usually curable with a 5-year 

survival rate of more than 90%, according to the Surveillance, Epidemiology, and End 

Results (SEER) Program
72

. Commonly the primary colorectal tumor evolutes to 

metastases, mainly into the liver, the most common metastatic target site (50-60% of all 

cases)
73,74

. Patients with colorectal cancer liver metastasis (stage IV) have an overall 

median survival following liver resection of 3,6 years
75

. Colorectal cancer can also 

metastasize to lung
76

, brain
77

, bone
78

, peritoneum
79

, ovary
80,81

 and distant lymph nodes 

(Fig. 1.5)
82,83

. 

1.6 Testicular Germ Cell Cancer 

Germ cell cancers comprise a vast group of tumors. More than 95% of the patients 

present the primary tumor in the testis, whereas only a small fraction is found 

extragonadally, namely in the retroperitoneum or in the mediastinum (Table 1.1)
84-86

. 

Testicular germ cell cancer (TGCC) is a relatively uncommon malignancy, accounting 

for only 1% of all cancer in males. However, it is the most frequent solid malignancy of 

Caucasian males aged from 15 to 35 years and the main cause of cancer-related 

mortality and morbidity of young patients, thus at their peak of productivity
23,86-88

. In 

addition, in the last four decades, the worldwide incidence strikingly increased, making 

imperative the understanding of the etiology and molecular events that took place in the 

development of TGCC
88,89

. 

1.6.1 Epidemiology and Etiology 

According to the database GLOBOCAN (2012), there are more than 50.000 new cases 

of TGCC globally, per year. The incidence of this cancer is very unbalanced worldwide 

with North and West Europe presenting the higher rates (8,8 and 7,4 new cases per 

100.000 per year, respectively) compared to Asia and Africa showing the lowest ones 

(0,7 and 0,3 new cases per 100.000 per year, respectively). The rate of incidence 

increases according to the regional human development, ranging from 0,4 in low human 

development regions, to 5,6 new cases per 100.000 per year in very high human 

development areas
23

.  



CHAPTER I 

18 
 

Norway, Denmark and Switzerland ranked in the first positions among the countries 

with higher cumulative risk, defined by the probability of getting this malignancy before 

the age of 75 years old
23

. Statistics points out easily that in terms of etiopathogenesis of 

testicular cancer, there is a clear association between the incidence rates and ethnicity. 

Caucasian males, particularly in northern Europe, and black males in Africa, show the 

highest and lowest incidence rates, respectively. This difference should be derived from 

the combination between genetic factors and environmental exposure to deleterious 

agents. Importantly, some of these substances have an estrogen-like effect that reiterates 

the estrogen excess theory, the most valued hypothesis for the pathogenesis of testicular 

cancer. According to this theory, the process of oncogenesis can be initiated by a 

relative excess of estrogens in the mother’s early pregnancy, concomitantly to the 

gestational development of the gonads
90,91

. These malignant cells are nevertheless kept 

silenced until the endocrine stimuli of puberty. This hypothesis is supported by case 

control studies reporting an increase in the incidence of testicular cancer in children, 

after exogenous estrogen exposure during early gestation
92,93

. Curiously, the low 

incidence of testicular cancer in black African men could be explained by the high 

serum androgen (testosterone) and lower relative estrogen levels in black African 

women during their pregnancy
90,94

. Other identified risk factors include 

cryptorchidism
95

; germ cell tumor in the contralateral testis
96

; familial testis cancer 

history
97

; gonadal dysgenesis
98

; infertility
99

, Klinefelter syndrome
100,101

, high levels of 

maternal Epstein-Bar IgG antibodies
102

, decreased androgen levels in puberty and early 

adulthood
103

, and environment
104

. 

1.6.2 Development 

During germ-cell development, healthy primordial germ cells (PGCs), presenting 

biparental pattern of genomic imprinting, originate either an oocyte in females or 

spermatozoa in males. The differentiation process comprises a uniparental genomic 

imprinting establishment in detriment of the biparental one that is removed. From 

embryo to adult age, the process of differentiation can be compromised by intrinsic and 

environmental factors, resulting in a diversity of different germ cell tumors, according 

to the developmental stage of the PGCs, age and sex of the patient
105,106

.  

In a first stage, PGCs instead of differentiate into gonocytes can be reprogrammed to 

pluripotent embryonic germ cells (EGCs), originating infantile germ cell tumors, 
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namely teratomas or yolk-sac tumors. In a second instance, arrest of differentiation of 

gonocytes, followed by a microenvironment adaptation (in gonads, thymus, or pineal 

gland/ hypothalamus/ pituitary area) and proliferation, can originate a seminoma (SE)/ 

dysgerminoma/ germinoma. The reprogramming of a seminomatous tumor cell into a 

pluripotent embryonal carcinoma cell originates a non-seminoma (NSE). Both tumors 

are originated by a germ cell neoplasia in situ (GCNIS)
105,106

. Less frequently, a SE cell 

might originate a NSE
107

, explaining the common discovery of non-seminomatous 

metastasis in patients diagnosed with  SEs, during autopsies (Fig. 1.6)
108

. 

In females, germ cells go into meiosis in intra-uterine development, while in males the 

onset of meiosis takes place at puberty. Consequently, the amount of target PGCs/ 

gonocytes that can fail maturation, experiencing a malignant transformation, is visibly 

lower in females than in males, having a lower and higher incidence, respectively. On 

the other hand, the number of target cells susceptible to originate teratomas is higher in 

ovary than in testis
105,106

. Pure teratomas represent 95% of ovarian germ cell tumors, but 

only 4% of testicular germ cell tumors
109-111

. 

1.6.3 Types  

Testicular germ cell tumors comprise three types of different tumors (I, II and III), 

according to their anatomical site, phenotype and origin (Table 1.1)
105,112

. Testicular 

type II germ cell tumors comprise SE and NSE and have a median age of incidence of 

35 and 25 years old, respectively. They are derived from PGCs or gonocytes, where 

genomic imprinting is erased and characterized by some chromosomal abnormalities
113

.  

After reprogramming from either a testicular GCNIS or a SE, NSE can be represented 

by different histological elements, being classified in embryonic cell carcinoma 

(malignant equivalent of embryonic germ cells), choriocarcinoma (correspondent to the 

extra-embryonic differentiation), yolk sac tumor and teratoma (representing somatic 

differentiation)
105

. The aggressiveness of NSE elucidates the reason by which they 

appear at younger ages compared to slothful SE, to which is assigned a “loss of stem 

cell capacity”, appearing in older patients
107,114

. In the case of teratomas, they exhibit an 

embryonic differentiation, resembling organ structures of all germ layers. The lower or 

higher histological grade of immaturity (predominantly neuroepithelial) categorize them 
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 as mature or immature, respectively
115,116

. Generally, testicular germ cell tumors 

contain a mixture of multiple histological patterns, rarely than a unique one
117-119

.  

The treatment of TGCC is based on the aggressiveness of the tumor. In these terms, 

tumors are divided in two unique groups, the first one encompassing pure SE and the 

second covering all the others NSE. This last group includes those tumors that comprise 

a mixture of non- and seminomatous tumors, since NSEs are more aggressive and 

invasive
86,120

. 

1.6.4 Molecular Alterations  

Aneuploidy and complex karyotypes are the most common cellular features of testicular 

germ cell tumors of adolescent and young adult men, with loss of chromosomes Y, 1p, 

11, 13 and 18 and gain of X, 7, 8, 12p and 21
86,105

. DNA ploidy pattern in NSEs is more 

heterogeneous than in SEs, with hyperdiploidy to hypertripoidy in the former in 

comparison with triploidy and tetraploidy in the lattest
121

. Particularly, gain of 

chromosome arm 12p, most usually as an isochromosome in more than 80% of the 

cases, i(12p), is the most frequent aberration and it is a genetic hallmark assigned to the 
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development of an invasive TGCC, by an unclear mechanism (Table 1.1)
113,122-124

. 

Moreover i(12p) isochromosome copies have a tendency to be higher in NSE compared 

to SE. Tumors without i(12p) show sometimes other structural alterations of 

chromosome 12
121

. The Y chromosome deletion gr/gr (1.6 Mb) is associated with 

infertility and confers susceptibility to testicular germ cell tumors, being more 

associated with SEs than NSEs
125-127

. Activating mutations and/or increased expression 

levels of v-Kit hardy-zuckerman 4 feline sarcoma viral oncogene homolog (c-KIT); 

growth factor receptor-bound protein 7 (GRB7); KRAS, neuroblastoma RAS viral (V-

Ras) oncogene homolog (NRAS); and B-Raf proto-oncogene, serine/threonine kinase 

(BRAF) and a maternal inherited 2,7 Mb locus on Xq27 have been also associated with 

TGCC
128-131

.  

The onset, progression and metastatic behavior of testicular germ cell tumors have been 

endorsed to the contribution of several microRNAs (miRNAs). They are potential 

serum-based biomarkers for diagnosis, prognosis and for drug response and resistance 

mechanisms, comprising miR-371, miR-372, miR-373 and miR-367
132-135

.  

Hypermethylation of some tumor suppressor gene promoter regions as of Alu sequences 

is observed in NSEs, while a global loss of methylation of imprinted genes and of 

LINE-1 sequences are noted in either SEs and NSEs
106

. 

1.7 Leukemia 

Leukemia is a clonal proliferation of hematopoietic stem cells that replace the normal 

bone marrow with malignant blood cells (Fig. 1.7)
136

. As a consequence, a substantial 

decrease in erythrocytes, platelets and normal leukocytes originate some symptoms that 

include fatigue and breathless (anemic)
137-139

; easy bruising and bleeding
140-142

; and 

increased risk of infection
143-146

, respectively. The main causes of death in adults with 

acute leukemia are infections, hemorrhage and organ failure
147,148

. 

Leukemias can be characterized in several types and subtypes, according to the rate of 

progression and type of white blood cells affected. Therefore, the most frequent 

subtypes of leukemia are acute lymphoblastic leukemia (ALL), frequently detected in 

children; and acute myeloid leukemia (AML), chronic lymphocytic leukemia (CLL), 

and chronic myeloid leukemias (CML), more often diagnosed in adults
149

. 
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1.7.1 Epidemiology and Etiology 

According to the data published by GLOBOCAN in 2012, the estimated number of new 

leukemia cases worldwide accounted to around 350.000 new cases with an unbalanced 

distribution by sex, with 200.000 new cases in men and 150.000 new cases in women. 

In the same year the estimated number of leukemia-related deaths was around 265 000, 

proportionally distributed by sex, taking into account the correspondent incidence
23

. 

Thirty per cent of all leukemias correspond to AMLs, with 18.300 new cases in Europe, 

per year, around 0,6% of all cancers
150

.  

In terms of etiology, it was observed that obesity is associated with an increase risk of 

leukemia. Researchers suggested that endocrinologic, metabolic, immunologic and 

inflammatory-like alterations could induce the malignant transformation, by disturbing 

DNA repair mechanisms, gene function or by epigenetic alterations. Other possibility 

lies in the fact that obesity can create a selective environment where dormant pre-

existing clones can emerge
151

. Epidemiologic studies suggested that individuals who 

have a history of hematologic malignancy or that have been exposed to ionizing 

radiation have higher risk for the development of leukemias. The latter case includes 

persons who were submitted to two or three computed tomography scans (especially if 

they were young), cancer patients who received radiotherapy, medical radiation workers 

(before 1950) and atomic bomb survivors. Furthermore, exposure to benzene is 

associated to a higher the risk of AML in adults and exposure to household pesticides in 

utero or in the first three years of life was associated also to a higher the risk of ALL in 

childhood. Genetically, Down syndrome and neurofibromatosis are also associated with 

a higher risk of childhood AML and ALL
149

. In terms of therapy outcomes, a recent 

study identified statin therapy and tobacco consumption as factors impacting positively 

or negatively the remission after chemotherapy, respectively
152

. 

1.7.2 Acute Myeloid Leukemia 

The AML is also known as acute non-lymphoblastic leukemia or acute myelogenous 

leukemia. It comprises a group of different non-solid malignancies characterized by the 

accelerated proliferation of abnormal white blood cells, with concomitant colonization 

and accumulation of immature blood-forming cells, also called myeloblasts, in bone 

marrow and blood. This results in an excessive number of immature white cells and 
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reduced number of red blood cells or platelets
153-155

. This malignancy affects mostly 

persons at older ages, with 54% of the patients over 65, and 33% over 75 years. The 

median age at diagnosis is 66 years
156

. Depending on blast count in the peripheral blood 

and on the presence of complications such as marrow failure, tissue infiltration or 

hyperuricemia, untreated patients typically die over a period of days or weeks by sepsis, 

hemorrhage or pulmonary or cerebral leucostasis
150

. 

1.7.2.1 Classification 

The determination of the stage (extension) of a specific cancer type is essential in terms 

of diagnosis, prognosis and therapeutic clinical decisions. In terms of solid tumors, the 

classification is generally based on the size and tumor spreading. Not usually forming 

tumors, AMLs are confined to bone marrow, spreading sometimes to liver and spleen. 

Thus, according to the French-American-British (FAB) classification, they are classified 

based on the cell type of origin and on their maturity (Table 1.2)
157

. The recently 

established WHO classification takes into account new research discoveries that affect 

the prognosis of a patient, having a more exhaustive categorization, for instance the 

presence of known chromosome abnormalities such as translocations (Table 1.3)
158

. 
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1.7.2.1 Molecular Alterations 

The AML is a heterogeneous malignancy characterized by abundant recurrent molecular 

alterations and chromosomal abnormalities that have been and continue to be identified 

(Fig. 1.7)
136

. Karyotypic changes and chromosomal rearrangements, comprising 

deletions, duplications, inversions and translocations, characterize 50-70% of the 

patients with AML. For instance, in terms of karyotype, trisomy 8 is the most frequently 

abnormality observed, among many others
150,159

. 

Many genes derived from these chromosomal abnormalities were studied aiming their 

targeting through the establishment of specific therapies to destroy leukemic blasts. One 

of these examples is the presence of the t(15;17)(q22;q21) translocation that was 

demonstrated in more than 95% of the patients harboring an AML subtype M3, 

resulting in the expression of the PML-RARα oncofusion protein that acts as 

transcriptional repressor affecting gene expression programs, interfering in 

differentiation, apoptosis and proliferation. Nevertheless, the presence of this 

oncofusion protein predicts a beneficial response to all-trans retinoic acid and arsenic 

trioxide treatments
159-162

. The karyotypic abnormalities are important prognostic factors 

in AML, being used as predictors of clinical outcome and in the clinical managing of 

AML patients
163-166

. Moreover, the percentage of patients with cytogenetic 

abnormalities account to around 58% in both child and adult patients, decreasing with 

age (0-14 years , 73,2%; 15-34 years, 61,6%; more than 35 years, 49,2%)
164

. This issue 

was approached by European LeukemiaNet with the creation of a standardized reporting 

system to correlate the most common cytogenetic and mutational abnormalities (for the 

genes NPM1, CEBPA, and FLT3) found in adult AML patients with their predictable 

clinical outcome (Table 1.4)
167

. 

 Among several other mutations in AML, the discovery of somatic mutations in the 

epigenetic modifiers DNA Methyltransferase 3A (DNMT3A), ten-eleven translocation 

oncogene family member 2 (TET2), mixed lineage leukemia (MLL), enhancer of zeste 

homolog 2 (EZH2) and isocitrate dehydrogenase 1 (IDH1), isocitrate dehydrogenase 2 

(IDH2) and additional sex combs like 1 (ASXL1) genes, suggests the implication of 

epigenetic machinery in the progression of this malignancy
168,169

. 
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2. Epigenetics 

Epigenetics from the Greek term epi-, means “upon, over, above”; and genetiko: means 

“genitive, origin, genesis”. The first concept (“epigenotype”) was introduced by 

Conrad Waddington in 1942 to describe the molecular mechanism by which the genetic 

information is translated into a specific trait or phenotype, making reference to the fruit-

fly Drosophila melanogaster
170,171

. The concept of epigenetic inheritance was broadly 

mentioned to explain phenomena not elucidated by genetics. In a broad-spectrum idea, 

epigenetics was defined as the mechanism by which the environment is able to modify 

the phenotype, without genetic variations
172

. Nutrition
173,174

, behavior
175

, tobacco
176

, 

lifestyle
177,178

 and aging
179

 are some factors able to modulate the epigenetic landscape. 

This field of study comprises different molecular layers, being the most important ones 

the histone modifications and the DNA methylation. In response to exogenous stimuli, 

they modify the chromatin condensation degree, modulating the accessibility to DNA-

based processes, namely transcription, replication, recombination and DNA repair
63

. In 

terms of transcriptional activity, the status of the chromatin controls the accessibility to 

transcription factors. Consequently, it delineates the multiplicity of expression output 

through cellular differentiation and development
180-182

, defining lineage patterns and 

specific cell-type identities
183

, as well as adult cell renewal ability (Fig 1.8). The 

preference for an alternative transcription start site (TSS) and splicing processes can 

also be attributed to specific chromatin profiles
184

. 

Both histone trimethylation and DNA methylation regulate negatively telomere length 

and the latter inhibits telomere recombination
185

. Interestingly, successive cell divisions 

result in telomere shortening to critical lengths, resulting in the decrease of the 

epigenetic heterochromatin marks and increase in histone acetylation. The open 

chromatin status is associated to the appearance of age-related pathologies
185-187

. 

Overall, the interplay between telomere-length and epigenetic status highlight their 

importance in cancer progression and aging
188-191

. 

In a healthy cell, transposable elements and endogenous retroviruses are examples of 

chromosomal loci epigenetically repressed by DNA methylation and histone 

modifications, resulting in high levels of chromatin compaction, in order to prevent 

deleterious translocations to other genomic loci, insertional mutagenesis and to ensure 
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genomic stability
192-196

. Other physiologic processes importantly regulated by 

epigenetics comprise genomic imprinting
197,198

 and X-chromosome inactivation
199,200

. 

Epigenetics can therefore be understood as an essential regulatory mechanism layer, 

above genetics, able to modulate the majority of the genomic and transcriptomic 

processes, as well as those related to the maintenance of genomic stability. So, it 

“decides” what to make with the genetic information of a particular cell
201

.  

During the 20
th

 century, a European subpopulation was submitted to a severe restriction 

of caloric intake by tragic historical reasons. This represents probably the best human 

model to study the trans-generational impact of the external environment, namely the 

relationship between diet, epigenetics and gene expression. The Hongerwinter (hunger 

winter) started in 1944, after the Second World War by limited food supplying to some 

Nazi-occupied regions in Holland due to the cut of vital supply routes in a rigorous 

winter. As a consequence, until May 1945 when the country was liberated, a severe 

restriction of caloric intake affected those populations, including pregnant women and 

their in utero offspring at different stages of gestation
202

. Children that experienced in 

utero famine were smaller, underweight and prone to have glucose intolerance. The 

offspring presented during their life increased susceptibility to diabetes, atherogenic 

lipid profile, obesity, coronary heart disease, disturbed blood coagulation, renal disease 

and increased stress responsiveness. Women submitted to early gestational famine 

exposure were documented to have higher risk of breast cancer
202-204

. Sixty years later, 

the imprinted insulin-like growth factor-2 (IGF2) gene was found to present less DNA 

methylation in these individuals (offspring) in contrast to their same-sex siblings, not 

exposed to this nutritional privation during gestation. This precise periconceptional 

exposure reinforce that the establishment and maintaining of the epigenome at very 

early mammalian development is essential
205

. Transgenerational epigenetic studies 

suggested that epigenetically adapted phenotypes do not disappear suddenly between 

two consecutive generations. Instead of that, this dynamic epigenetic phenomenon 

should be understood as an erosion or slowly enhancement over multiple generations
206

. 

Some researchers consider that Epigenetics also interrogates the nucleosome positioning 

and ncRNAs, contributing to delineate the phenotype of a particular cell. Nucleosome 

positioning is a regulatory layer of gene expression that is able to block the accessibility 

of DNA to activators and to transcription factors, or to prevent the elongation of the 
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transcripts by RNA polymerases. Gene transcription is then regulated according to 

DNA packaging into nucleosomes and to their exact positioning around the TSSs. A 

disturbance in the position of the nucleosomes can change the activity of the RNA 

polymerases
207

. For instance, the loss of a nucleosome activates downstream promoters 

being associated with gene activation, whereas the overlapping between a nucleosome 

and a TSS is correlated with gene silencing
208-210

. Interestingly, this epigenetic 

mechanism is also involved in  sculpting the DNA methylation landscape
211

. 

Concerning ncRNAs, these are epigenetic regulators that silence or target coding 

messenger RNAs (mRNAs), being also responsible for chromatin remodeling
212,213

. All 

these layers of epigenetic control have an additive role and act in symphony to control 

genome stability and cell homeostasis (Fig. 1.9)
214-217

.  
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2.1 Histone Modifications 

In 1884, Albrecht Kossel isolated by the first time histones and at that time suggested 

they could have a key role in transcriptional gene regulation
218

. Almost one century 

later, Kornberg and Thomas proposed the existence of a particle that consisted in an 

octamer of histones (H2A, H2B, H3 and H4) structurally organized, with approximately 

147 base pairs of DNA wrapped in superhelical turns. The nucleosome was defined as 

the unit of the chromatin, allowing chromatin packaging and chromosome 

formation
219,220

. N-terminal histone tails can experience up to 16 classes of post-

transcriptional covalent modifications, modulating nucleosome dynamics and chromatin 

structure by altering noncovalent connections within and among nucleosomes. These 

modifications comprised methylation, acetylation, phosphorylation and ubiquitination 

(Fig 1.10)
221,222

. Specifically recognized and mediated by particular proteins, these 

modifications become effective by recruitment of remodeling enzymes and chromatin 

modifiers
222

. Accordingly, the blockade or allowance of transcriptional activity of a 

specific genomic locus depends on the combination of the associated covalent histone 

modifications that are coupled into different levels of chromatin packaging
222-225

. 

The euchromatin, a relaxed chromatin state with an open conformation, is associated to 

an active transcription and is characterized typically by high levels of acetylation of 

histone 3 and histone 4 and di- or trimethylation of histone 3 lysine 4 (H3K4me2 or 

H3K4me3). By contrast, the heterochromatin, a condensed chromatin state with a close 

conformation, shows high levels of H3K9me and H3K27me, among other histone 

covalent modifications. The role of chromatin during gene transcription is assured by 

nucleosomal positioning and distribution of these post-translational histone 

modifications throughout the genes, minutely defined according to the relative location 

of the open reading frame (ORF), core promoter and upstream region
208,226,227

. The 

transcription and repression levels are determined by the accessibility of those regions 

controlled by the nucleosome positioning patterns. In summary, transcriptionally active 

and inactive promoter regions have low and high nucleosome occupancy, 

respectively
228,229

.  

All biological processes based on the genomic sequence, such as DNA repair, mitotic 

replication, meiotic recombination and transcription, are regulated by histone-modifying 
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enzymes in combination with DNA methyltransferases (DNMTs) and methyl-binding 

proteins (MBPs)
50

. 

The histone code changes dynamically according to the cellular requirements at certain 

moment, for instance, in order to assist or block gene transcription
230

. The histone 

marks belong to a language that can be interpreted, erased or modified by additional 

histone modifications. The proteins that recognize, catalyze and remove these specific 

chemical modifications are known as readers, writers and erasers, respectively
231

. The 

chromatin-interacting protein families include among others, histone methyltransferases 

(HMTs), histone acetyltransferases (HATs), histone demethylases (HDMs), histone 

deacetylases (HDACs) and histone kinases and phosphatases
232

. 

 

 

 

 

 

 

 

 

 

2.2 DNA methylation 

The DNA methylation is a widely studied epigenetic modification in mammals
233

. In 

1975, both Riggs and Holiday suggested that this DNA modification could affect gene 

expression
234,235

, being nowadays associated to silencing of both coding and non-coding 

genes
236,237

.  CpG dinucleotides are the most common targets of DNA methylation. The 

covalent inherited addition of a methyl group from S-adenosyl-methionine occurs in the 

5’ carbon of the cytosine ring (5-methylcytosine, 5mC)
238

.  
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The global CpG dinucleotide under-representation, across mammalian genome, is 

contrasted exceptionally by loci of large repetitive sequences (endoparasitic sequences, 

centromeres and telomeres) and short and dense extensions of CpGs, frequently 

associated to gene promoters, called CpG Islands (CGIs). The ascription of these loci to 

CGIs are based on prediction algorithms with ad hoc thresholds, being the prediction 

accuracy variable
239

. The most used algorithm defines a CGI as a genomic region longer 

than 200 bases, presenting at least a content of 50% of guanines and cytosines and an 

observed-to-expected CpG ratio greater than 0,6
238,240,241

. According to these 

parameters, despite 72% of all mammalian gene promoters have a high CpG 

concentration
242

, only 50% is considered to be linked with at least one CGI
243

.  

Mammalian developmental studies have shown the importance of dynamic alterations 

in DNA methylation
244,245

. The human genome holds approximately 29.000 CGIs
246

, 

corresponding to 5% of all CGs and 1% of the entire genome
247

. They are spread in a 

non-random pattern, preferentially close to TSSs in the promoter regions or in the first 

exons
246,248,249

. Despite the large majority of the epigenetic studies about the 

transcriptional effect of DNA methylation are focused in CGIs, their upstream regions 

up to 2Kb, termed CGI shores, are the most susceptible to hypermethylation and 

hypomethylation events and correlate strongly with gene expression
250-252

.Throughout 

mammalian genomes, cytosines of around 75% of CpG dinucleotides are methylated. 

The exception resides in those clustered in CGIs that are generally loci protected from 

DNA methylation
239,247,253

. The methylation status of cytosines at CpGs in CGIs is 

associated to stable and inherited patterns of activity regulation of downstream genes of 

these promoters. DNA methylation of CGIs is normally connected to gene 

silencing
248,254

. 

In normal cells, heavy DNA methylation of repetitive sequences prevents 

translocations, chromosome instability and gene disruption, by the reactivation of 

parasitic sequences
255-257

. Curiously, the acquisition of transposable elements through 

the eukaryotic genome overlapped co-evolutionarily with epigenetic inhibitory 

mechanisms able to block the mobility and silence their expression
258

. Nevertheless, 

they may have also evolved to participate in tissue-specific regulatory networks, lacking 

DNA methylation in those tissues and exhibiting enhancer activity
259

. Genomic 

imprinting is described by the transcriptional silencing associated to the 
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hypermethylation of one of the parental alleles
260,261

. Evolutionarily, it is though that X-

chromosome inactivation and imprinting could have evolved together
262

. In 1983, 

Ehlrich and colleagues described the existence of tissue-specific differences at DNA 

methylation levels across mammals
263

. In terms of cell differentiation, about 5% of the 

CGIs are differentially methylated in a tissue-specific manner and some of them, 

namely those within promoter regions, are associated with tissue-specific expression 

profiles being crucial during embryonic development
264

. Evolutionarily, the atypical 

methylcytosine-thymine mutation and consequent depletion, could explain the genome-

wide decrease of cytosines and guanines to about 40% of all nucleotides. Accordingly, 

the genomic frequency of CpG dinucleotides is around 25% of their predictable 

occurrence
265,266

. 

There is a non-random profile of DNA methylation across the genome. Classical studies 

consider the individuality of each CpG dinucleotide and the corresponding DNA 

methylation status without any relationship among them. Novel insights about CpG 

distribution suggested the existence of a strong association between DNA methylation 

patterns and the density and number of CpGs. According to this bimodality of cluster 

methylation, CpGs distributed in large and dense clusters are generally hypomethylated, 

whereas clusters with a sparse distribution or less CpGs are mostly hypermethylated. 

Accordingly, a certain methylated or unmethylated CpG exerts a positive feedback at 

nearby CpGs, by long-range methylation or short-range demethylation, respectively
267

.  

Mammalian DNA methylation is established and maintained by the functional 

combination of DNMTs. Thus, this epigenetic mark is inherited over the mitotic or 

meiotic cell divisions
238

 through three main enzymes called DNMT1, DNMT3A, and 

DNMT3B. Their functional overlapping is responsible for mammalian development and 

cellular differentiation
268

. DNMT1 methyltransferase is responsible for the maintenance 

of the DNA methylation. It binds preferentially to hemimethylated double-strands and 

restores the entire methylated CpG dinucleotides after DNA replication, copying the 

methylation profile from the old strands to the new ones (Fig. 1.11)
269,270

. By contrast, 

DNMT3A and DNMT3B are the DNA methyltransferases responsible for the de novo 

methylation, being crucial during mammalian development at very early stages
271,272

. In 

combination, all these three DNMTs have an indispensable functionality, since their 

lacking result in embryonic lethality or impaired embryonic development
272,273

.  
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There is a genome-wide correlation between promoter CGIs hypermethylation and 

transcriptional silencing in different cell types
274-276

. This repression is based on the 

spatial impediment for the accessibility of transcription factors to their binding sites
277

 

and on the decrease on the affinity of DNA to enroll into nucleosomes, changing 

nucleosome positioning around TSSs
278

. This model of transcriptional repression is 

supported by a methyl CpG-binding domain (MBD)-containing family that attaches to 

methylated CpGs altering the nucleosomal architecture, translating the information 

given by the DNA methylation into a function or activity
279

. This family of proteins is 

composed by the methyl CpG binding protein 2 (MeCP2), methyl-CpG binding domain 

protein 1 (MBD1), MBD2, MBD3, MBD4, MBD5 and MBD6
280

. MBD3, MBD5 and 

MBD6 despite present a conserved methyl binding domain, in vitro they are unable to 

bind efficiently to methylated DNA. By contrast, in a DNA sequence–independent way, 

MeCP2, MBD2 and ubiquitin-like with PHD and ring finger domains 1 protein 

(UHRF1) (referred latter) bind strongly to methylated CpG dinucleotides. Additionally, 

two other enzymatic families recognize these DNA modifications, namely the SET- and 

RING-associated domain and the KAISO families. The first one comprises UHRF1 and 

UHRF2 and the second one is formed by Kaiso, zinc finger and BTB domain containing 

4 (ZBTB4) and ZBTB38 proteins, acting through the zinc-finger domain C2H2
281,282

. 

Kaiso family proteins bind efficiently to methylated DNA and act in a sequence-

dependent manner
280,283,284

. 

The discovery of 5-hydroxymethylcytosine (5hmC) modification changed in some way 

the epigenetic perspective around DNA methylation that was considered as a relatively 

invariable modification. This modification is quite abundant in specific tissues and the 

enzymes responsible for this dynamic modification, from the 5mC to 5hmC, are the 2-

oxoglutarate- and Fe(II)-dependent oxygenases TET1
285

, TET2
286

 and TET3
287,288

. The 

5hmC is regarded as an intermediary modification in DNA demethylation or a signal for 

transcription factors
289

. This class of TET proteins was first depicted in human myeloid 

malignancies
285-287

 and the reversibility of the DNA methylation brought new issues to 

cell differentiation, embryonic development and cancer fields
290

. TET1 and TET2 are 

considered central players in pluripotency, while TET3, not existing in embryonic stem 

cells, possibly directs hydroxymethylation in differentiated cells, in addiction with 

TET1 or TET2
290,291

. 
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In mammals, the DNA methylation was the first epigenetic mark described in 

dinucleotides CpG. The knowledge about their location is exponentially increasing at 

single-base resolution, bringing new pieces to complete the puzzle about the dynamic 

balance between genomic DNA methylation and its regulation
292

. Unknown pieces were 

recently revealed by the discovery of DNA methylation in a non-CpG context. CpHs 

(H=Adenine/Cytosine/Thymine) were identified in embryonic stem cells, disappearing 

upon induced differentiation and restored in induced pluripotent stem cells
293

. 

Moreover, another study showed that CpH methylation involves DNMT3A, is 

established de novo during neuronal maturation and suggests its possible importance in 

the nervous system as a key epigenetic modification
294

. 

2.3 Linking DNA Methylation and Histone Modifications 

Evolutionarily, several proteins have more than one recognition domain, allowing the 

concomitant detection of different marks, arising from different spatial locations, 

promoting finally the adequate function according to the neighboring input they receive. 

UHRF1 is a protein regulator of the chromatin structure and transcriptional activity, 

bridging two layers of epigenetic marks, specifically DNA methylation and histone-tail 

covalent modifications
295

. It comprises different structural motifs, namely an ubiquitin-

like (Ubl) domain, a tandem tudor domain (TTD), a PHD domain, a SET and RING-

associated (SRA) domain and a RING domain
296

. The UHRF1 SRA domain promotes 

the recruitment of DNMT1 to the hemimethylated DNA at the replication forks, 

promoting specifically the methylation of hemimethylated CpG dinucleotides
297,298

, 

while the RING domain with E3 ubiquitin ligase regulates its stability
299,300

. Through its 

TTD, UHRF1 identify the H3K9me3 repressive mark and associates with unmethylated 

H3K4, directing the maintenance of DNA methylation
295,301

; and through its PHD motif 

that recognizes the unmodified Histone 3 Arginine 2 (H3R2) histone mark
302,303

. H3R2 

methylation significantly abrogates PHD-mediated binding
304

. Briefly, through its 

different domains, UHRF1 catalyzes commonly the DNA methylation in a nucleosome 

context, establishing a relationship between DNA methylation and histone tails
305

. 

The role of MeCP2 and MBD2 in transcriptional repression is due to the recruitment of 

HDACs and co-occurrence within protein complexes associated to gene silencing
306,307

. 

The interaction of MeCP2 with the co-repressor complexes Sin3-HDAC and N-CoR–



CHAPTER I 

40 
 

SMRT endorse transcriptional repression, by association with histone deacetylase 1 

(HDAC1) and HDAC3, respectively
308-310

. For instance, in the first case, while MeCP2 

identify the DNA methylation, HDAC1 deacetylates the histone tails to promote 

transcriptional repression
308,310

. The existence of a link between DNA methylation and 

transcriptional silencing through specific histone modifications prompted to think about 

a higher layer of gene regulation, namely the derived nucleosomal conformation. The 

nucleosome-remodeling and histone deacetylase (NuRD) complex have both HDAC 

and ATP-dependent nucleosome disruption activities. This complex helps the 

transcriptional repression by assisting repressors to contact to chromatin and  interacting 

with MBD2 and MBD3 in a reciprocally exclusive mode
311,312

. The histone core 

deacetylation catalysis converts the open and transcriptionally active chromatin into a 

closed structure, isolated from the transcriptional machinery. The link between promoter 

CGI methylation, MBDs, HDACs and a chromatin remodeling machinery fulfill the set 

of causes and consequences that lead to the transcriptionally inactive chromatin state, 

being finally translated in gene repression in cis
280,313

. 

2.4 Epigenetic Modifications in Cancer 

The onset and progression of cancer is characterized by the cooperation between genetic 

and epigenetic changes that create variability in cell populations. Through a continuous 

cellular Darwinian evolutionary process, cells with advantageous features are selected 

according to their genome and epigenome
314,315

. Differentially DNA methylation in 

specific regions, histone tail modifications and altered gene regulation of chromatin-

modifying enzymes characterize the epigenetic landscape of a cancer cell
62,207,316

. 

2.4.1 Histone Modifications 

In cancer, aberrant patterns of histone modifications collaborate in the promotion of the 

tumorigenic process, varying the cellular epigenetic landscape
317

. Not always 

contributing for the malignancy event, these chemical alterations in histone tails are 

deregulated in cancer, being one of its hallmarks
50,318

. The enzymes responsible for the 

interpretation, addition and deletion of such posttranslational modifications of histone 

tails are often deregulated in terms of copy number, mutated or involved in 

translocations (Fig. 1.12)
319

. Post-translational modifications in terms of histone 
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acetylation, methylation, deacetylation and demethylation have been reported during 

tumorigenesis
231

.  
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2.4.1.1 Histone Acetylation 

Cancer progression is associated with HATs deregulation. The histone acetylase E1A 

binding protein p300 (EP300)
320

 controls transcription through chromatin remodeling, 

playing a central role in cell differentiation and proliferation. Missense and nonsense 

mutations were reported in gastric, colorectal, breast, pancreatic and small cell lung 

(SCLC) cancers
321-323

. It was also shown that the EP300 locus undergo LOH in colon, 

breast and ovarian cancers
324

. The ability of E1A adenovirus to induce replication of 

human quiescent cells is based on the E1A-p300/CBP interaction, promoting a global 

hypoacetylation of H3K18 and restricting H3K18ac to a limited set of genes. As a 

result, cell cycle is stimulated, promoting cell growth and division
325,326

. In SCLC, 

different mutations were found in the HAT cAMP response element-binding protein 

(CREBBP)
323

. Moreover, genomic loss of the K(Lysine) Acetyltransferase 6B (KAT6B) 

tumor suppressor was associated with decrease in H3K23ac
327

. Mutations in the 

transcriptional activator Myocyte Enhancer Factor 2B (MEF2B), reported to interact 

with HDACs, were found in non-Hodgkin lymphomas
328

. Mono-allelic loss of KAT5 in 

lymphomas, head-and-neck and breast cancer decrease its expression levels, reducing its 

modulation in DNA-damage response and increasing malignancy
329

. Chromosomal 

translocations result frequently in aberrant fusion proteins. Often they affect some 

subtypes of leukemia and involve HATs like EP300
330,331

, MOZ (MYST3/KAT6A)
332

, 

MORF (MYST4/KAT6B)
333

 and CREBBP (CBP)
332,334

. 

At histone level, one of the major alterations experienced in cancer cells is the overall 

loss of H4K16ac
318

. Several studies pointed out the presence of genetic mutations or 

disrupted expression of HDACs leading ultimately to the impaired expression of genes 

involved in the tumorigenic process, namely those controlling cell-cycle regulation, cell 

proliferation and apoptosis
335

. 

2.4.1.2 Histone Deacetylation 

The HDACs are another class of histone modifiers with aberrant expression in 

cancer
335,336

. For instance, HDAC1 is overexpressed in colon
337

, breast
338,339

, gastric
340

, 

prostate
341

, pancreatic
342

, ovarian
343

, cervical
344

 and liver
345

 carcinomas. An increased 

expression of HDAC2 is commonly observed in breast
338

, cervical
344

, gastric
340

, 

colorectal
337,346

 and hepatocellular
345

 cancers. The same HDAC up-regulation is 
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observed for multiple tumor types, such as HDAC3 in colon
346,347

 and breast
338

; HDAC4 

in colon
348

, stomach
349

 and prostate
350

; HDAC5 in sarcoma
351

, breast
352

, melanoma
353

 

and colon
346

; HDAC6 in melanoma
353

, liver
354

 and glioblastoma
355

; HDAC7 in 

pancreas
356

 and colon
346

; and HDAC8 in urethra
357

 and neuroblastoma tumors
358

. There 

is a controversy about the tumorigenic function of HDAC2. Despite being 

overexpressed in some colorectal cancer patients
337,346

, this HDAC was also found to 

bear an inactivating mutation in some sporadic colorectal carcinomas with MSI. In 

clinics, this duality should be taken into account, as it has a potential significance for the 

best pharmacological treatment selection
359-361

. 

An increased expression of sirtuin 1 (SIRT1) was observed in colorectal
362

, 

hepatocellular
363

, ovarian
364

 and breast
365

 carcinomas. Controversially, SIRT1 frameshift 

mutations were found in colorectal and gastric carcinomas with MSI
366

. SIRT2 

overexpression was associated with uveal melanoma
367

 and hepatocellular carcinoma 

(HCC) metastasis, mediating the epithelial to mesenchymal transition in the later one
368

. 

Highly expression of SIRT3 was observed in papillary thyroid carcinomas
369

 while 

repression of SIRT4 expression point out its tumor suppressive function in colorectal
370

 

and breast
371

 cancers. Finally, SIRT7 up-regulation was demonstrated to have an 

important role in the human colorectal development and progression
372

. 

2.4.1.3 Histone Methylation 

The tumorigenic development and progression is characterized by an unusual pattern of 

histone methyl marks genome-wide. This abnormality is instigated by the abnormal 

activity of HMTs and HDMs, either by an altered gene expression regulation, or by 

CNV and chromosomal translocations
194,373,374

. According to these changes, tumors are 

found to have increased H3K9me3
375,376

 and H3K27me3
377,378

 repressive marks; and 

decreased H3K4me3 active mark
318

 and H4K20me3 repressive mark
379

. 

The MLL1 H3K4 methyltransferase gene harbors one of the biggest promiscuous 

recombination hot spots of the human genome. In cancer, recombination events occur 

with more than 50 MLL fusion partners, contributing to its partial tandem duplication 

and failure of its methyltransferase activity
380,381

. Accordingly, MLL translocations are 

found in more than 70% of pediatric leukemias and in about 10% of AMLs in adults
381

. 

Apart of the leukaemogenic MLL translocations, the disruption of MLL genes also occur 
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in solid tumors such as prostate
382

, gastric
383

, head and neck
384

, bladder
385

, 

hepatocellular
386

, squamous cell lung
387

 and SCLC
323

 tumors. Gene silencing mediated 

by the overexpression of EZH2 H3K27-methyltransferase has been observed in solid 

malignancies such as testis, larynx, bladder, stomach and breast cancers, among 

others
388

. In epithelial ovarian cancer, EZH2-mediated methylation and silencing of 

Vasohibin 1 (VASH1) gene promotes tumor angiogenesis
389

. Nevertheless, in Kaposi 

sarcoma tumors, the stimulation of angiogenesis is achieved by EZH2 acting as a 

transcriptional gene activator, inducing the proangiogenic factor Ephrin-B2 (EFNB2)
390

. 

This dual role in cancer is supported by the fact that EZH2 is susceptible to inactivating 

mutations in B-cell lymphomas of germinal-center origin
328

 and myelodysplastic 

syndromes
391

. The hypertrimethylation of H3K27 was described in human B-cell 

lymphoma, by contrast, as a result of a EZH2 gain-of-function mutation
392

. 

During tumorigenesis, the epigenetic regulation of the SET and MYND domain 

containing 3 (SMYD3) H3K4 methyltransferase increases the level of cancer promoting-

genes such as matrix metallopeptidase 9 (MMP9), associated with metastases
393

. 

Accordingly, overexpression of SMYD3 was observed in colorectal carcinoma
394

, 

hepatocellular cancer
394

, breast cancer
395

, pancreatic ductal adenocarcinoma
396

 and lung 

adenocarcinoma
396

. Recently, it was described that this HMT oncogene is required for 

both liver and colon chemically induced carcinogenesis in mice
397

. 

Other HMTs were described to play a key role in other types of cancer. For instance, 

SET Domain, Bifurcated 1 (SETDB1) H3K9 methyltransferase was shown to be 

recurrently amplified in liver cancer
398

, melanoma
399

 and in NSCLC and SCLC
400

. 

Another study showed that the inhibition of euchromatic histone-lysine N-

methyltransferase 2 (EHMT2) in neuroblastoma, specifically reduces global H3K9me2, 

decreasing growth and inducing apoptosis
401

. Conversely, translocation-mediated 

silencing of nuclear receptor binding SET domain protein 1 (NSD1) H3K36 and H4K20 

HMT or its transcriptional silencing associated with CGI-promoter hypermethylation 

was observed in AMLs
402,403

, and gliomas and neuroblastomas
404

, respectively. 

2.4.1.4 Histone Demethylation 

Several enzymes of the HDMs family are deregulated in cancer, contributing to specific 

histone tail patterns inherent to an advantageous epigenetic landscape. For instance, 
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lysine (K)-specific demethylase 1 (LSD1) H3K4 demethylase represses transcription by 

exercising its function in H3K4me1 and H3K4me2, which are histone marks 

characteristic of an active transcriptional state
405-407

. Its overexpression and consequent 

transcriptional repressive function, was observed in colorectal cancer, regulating genes 

related to proliferation and metastasis
408

. The up-regulation of LSD1 and concomitant 

support of human carcinogenesis, through chromatin regulation, supporting mechanisms 

such as proliferation, migration and invasion
409

, was also confirmed in breast
410

, 

prostate
411

, bladder and NSCLC
412

 tumors, among others. Several studies suggested that 

despite its function as a transcriptional repressor, the LSD1 interaction with androgen  

or estrogen nuclear receptors could change its histone modification target from 

H3K4me1/me2 to H3K9me1/me2, changing its function to a transcriptional activator
413

. 

A cooperative demethylation activity is achieved by the LSD1 (H3K9me1/me2 

demethylase) interaction with jumonji domain containing protein 2C (JMJD2C) 

(H3K9me3 demethylase), promoting androgen receptor-dependent gene expression
414

. 

Accordingly, members of the JMJD2C H3K9me3 demethylase subfamily are over-

expressed by an increase in their genomic copy number in breast cancer
415

, esophageal 

squamous cell carcinoma cell lines
416

, medulloblastoma
417,418

, Hodgkin lymphomas
419

 

and primary mediastinal B cell lymphomas (PMBL)
419

. Jumonji, AT-rich interactive 

domain 1 (JARID1) family and lysine (K)-specific demethylase 2B (KDM2B, also 

known as FBXL10) are in charge of the demethylation of H3K4me2/me3; and 

H3K36me1/me2 and H3K4me3, respectively
420

. They are up-regulated in breast
421

, 

NSCL
422

, SCL
422

 and bladder
422

 tumors; and in leukemias
423,424

, SEs
425

 and pancreatic 

ductal adenocarcinomas
426

, correspondingly. Lastly, KDM6A H3K27 demethylase 

undergo inactivating mutations in some types of malignancies
427-430

. 

2.4.2 DNA Methylation 

The knowledge of an increasing number of genes showing epigenetic alterations in 

cancer emphasizes their significance in this disease. During tumor progression in 

cancer, the specific DNA methylation profile of a cancer cell changes progressively 

according to the original tissue and tumor stage. These genome-wide events are 

nowadays easy to characterize, being suggested as a new generation of biomarkers for 

diagnosis, prognosis and as predictors of drug response
431

. 
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2.4.2.1 DNA Hypomethylation 

One of the first epigenetic abnormalities discovered in cancer was the global DNA 

hypomethylation
432

. More than 30 years ago, Feinberg and colleagues were able to 

distinguish human tumors from their correspondent normal tissue based on DNA 

methylation, namely hypomethylation
432

. Twenty years later, a global hypomethylation 

in all normal tissues in mice was achieved by generating mice carrying a hypomorphic 

DNA methyltransferase 1 (Dnmt1) allele. Importantly, it was demonstrated that DNA 

hypomethylation induced CIN and tumor formation
433,434

.  

Hypomethylation events in cancer are known to occur in repetitive sequences, CpG-

poor promoters, CpG-rich promoters and introns
50,435

. For instance, hypomethylation of 

LINE-1 and latent viral sequences incorporated in the genome, usually repressed 

through DNA methylation, can be activated and contribute to cancer progression
436-439

. 

Retrotransposon activation can cause genomic instability by mitotic recombination, 

through deletions, translocations and chromosomal rearrangements
433

. An altered gene 

expression can be achieved by mutagenic insertion in non-coding regulatory regions 

(indirectly contributing to transcriptional regulation) or within a gene itself , by creating 

new exons, by altering the alternative splicing, or by creating new polyadenylation 

sites
258,440

. So, during cancer progression the global hypomethylation reactivates 

transposable elements, leading finally to different patterns of gene expression, LOH and 

aneuploidy (Fig. 1.13)
441-445

. 

The balance of active and inactive transcribed genes can be disrupted by a direct 

regulation of DNA methylation. Promoter DNA hypomethylation can lead to the 

reactivation of genes or specific isoforms generally silenced in normal cells, 

contributing to cancer phenotype. Hypomethylation-dependent overexpression of 

several coding and non-coding genes can be observed in several cancer types in both 

primary tumors and metastasis. Some of the oncogenes undergoing this epigenetic re-

expression include related RAS viral oncogene homolog (R-RAS) in gastric cancer
446

, 

wingless-type MMTV integration site family, member 5A (WNT5A) in prostate cancer
447

, 

S100 calcium binding protein A4 (S100A4) in colon cancer and pancreatic ductal 

adenocarcinoma
448,449

, miR-191 in HCC
450

 and miR-128a in ALL
451,452

. A recent study 

demonstrated that a hypomethylation event reactivates a short isoform of TBC1 domain 

family, member 16 (TBC1D16) that exacerbates melanoma growth and metastasis, both 
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in vitro and in vivo, being associated with a poor clinical outcome in melanoma
453

. 

Genomic imprinting could also be affected by DNA hypomethylation, activating the 

transcription of maternal or paternal imprinted loci. For instance, loss of imprinting in 

cancer can affect the IGF2 gene in prostate
454

, breast
455

, colorectal
456

 and Wilms 

tumors
457

. 

 

 

 

 

 

 

 

 

 

 

Overlapping with tissue-specific differentially methylated regions, CGI shores are 

associated with epigenetic reprogramming and cancer. The hypomethylation of CGI 

shores, initially hypermethylated in normal cells, have been associated with 

transcriptional activation of caveolin-1 (CAV1) in highly aggressive breast cancer and 

hexokinase 2 (HK2) in HCC. Curiously, in the later case, the CGI itself that is 

unmethylated in normal cells can experience methylation through a CIMP, repressing 

the expression of HK2
458,459

. 

2.4.2.2 DNA Hypermethylation 

The hypermethylation fingerprint during cancer progression is not random. In cancer, 

CGI promoter hypermethylation is involved in the inactivation of tumor suppressor 
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genes (Fig. 1.13). This disruption leads to the failure of main cellular pathways such as 

DNA repair, cell cycle control, apoptosis and cell adhesion. As a result, the inactivation 

of specific genes confers thereby a proliferative advantage, resulting in clonal 

selection
316

. According to the Knudson’s two-hit hypothesis, this event is functionally 

equivalent to a genetic mutation with a similar or even higher frequency
460,461

. DNA 

hypermethylation could affect one or both alleles of a tumor suppressor gene, depending 

on the mutation (inactivation) status of each allele prior to this event
460

. The first 

described tumor suppressor gene
20

 inactivated by DNA hypermethylation was the 

retinoblastoma 1 gene (RB1)
462

. Soon after, similar hypermethylation events were found 

in several genomic loci, sustaining the mechanistic hypothesis of epigenetic 

transcriptional silencing of tumor suppressor genes by DNA methylation in cancer
63

.  

In cancer, a very large and increasing number of tumor suppressor genes are known to 

be inactivated by promoter hypermethylation, such as BRCA1 in breast and ovarian 

cancer
463

; O-6-methylguanine-DNA methyltransferase (MGMT) in colorectal cancer and 

gliomas
464

; and MLH1 in colon
465

, endometrial
466

 and gastric
467

 cancers. The 

hypermethylation of normally unmethylated CGI shores was also observed in pancreatic 

adenocarcinomas
468

 and bladder cancer
469

. 

DNMTs are responsible to sculpt the epigenetic landscape in terms of DNA 

methylation, having an abnormal activity in several malignancies. For instance, highly 

recurrent somatic missense mutations in DNMT3A have been observed in around 20,5% 

of the patients with AML, predicting their prognostic and therapeutic response to 

chemotherapy
470-472

. The mutation of DNMT3A decreases its enzymatic activity
472

, by 

dominantly blocking the capacity of wild-type DNMT3A to form active tetramers
473

. 

Several cancer types are characterized by an increase in the expression of DNMT1, 

DNMT3A and DNMT3B levels and an associated hypermethylation of CGIs
474

. 

Polymorphisms in DNMT3B gene promoter region lead to its increased activity and are 

linked to an earlier onset of HNPCC
475

 and an increased risk of lung
476

, breast
477

 and 

prostate
478

 cancers. By other hand, changes in the cellular context during tumor 

progression can change not only the activity of DNMTs but also their recruitment to 

specific target genes. In leukemias, the expression of the promyelocytic leukemia-

retinoic acid receptor alpha fusion oncoprotein (PML-RARA) and interaction with 
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DNMT1 and DNMT3A lead to the promoter DNA methylation-dependent silencing of 

the retinoic acid receptor β2 gene (RARβ2)
479

. 

Other DNA hypermethylation-related abnormalities have been shown in cancer, namely 

related to MBD and TET families. A study conducted in pre and postmenopausal 

women, by genotyping two SNPs within the MBD2 gene, one intronic and one in the 

non-coding exon, has shown an altered breast cancer risk dependent on menopausal 

status
480

. Impaired TET2 activity, concomitant to an inefficient conversion of 5mC to 

5hmC was observed in hematological malignancies
481,482

, where this gene was also 

found to be homozygous mutated
483,484

. Genome-wide redistribution and loss in the 

hydroxymethylation levels was also observed in several solid tumors including prostate 

cancer, esophageal squamous cell carcinoma, HCC and cholangiocarcinoma
485-487

.  

In a genetic point of view, DNA methylation can also drive non-transcriptional events. 

Methylated cytosines (at CpGs) could be considered as endogenous mutagens and 

carcinogens in humans, increasing the potential for cytosine to thymine transition 

mutations (at least 10 times higher). Methylated CpGs are probably responsible for 

more than 30% of all known disease-related point mutations
488,489

. 

In summary, in terms of the epigenome, cancer cells undergo a genome wide DNA 

hypomethylation simultaneous to focal hypermethylation events in promoter regions, 

being selected in terms of the advantageous acquired epimutations
490,491

. During tumor 

progression, hypomethylation and de novo methylation could be functionally analogous 

to gain-of-function and loss-of-function genetic mutations, respectively. These changes 

in transcriptional activity affect mechanistically different pathways such as those related 

to apoptosis, cell adhesion, angiogenesis, cell-cycle regulation and DNA repair
62,274

. 

3. Non-Coding RNAs 

3.1 Background 

According to the central dogma of Biology by Francis Crick in 1958, ribonucleic acid 

(RNA) molecules were only considered as an intermediary between genes and proteins: 

“the coded genetic information hard-wired into DNA is transcribed into individual 

transportable cassettes, composed of messenger RNA (mRNA); each mRNA cassette 

contains the program for synthesis of a particular protein (or small number of 



CHAPTER I 

50 
 

proteins)”
492

. Historically, few types of ncRNAs were considered functional, namely the 

ribosomal (rRNA) and the transfer (tRNA) RNAs, as they could explain the protein 

synthesis processes
493,494

. 

Intriguingly, in human genetics, one of the biggest mysteries was the fact that less than 

2% of our genome is translated into proteins, with more than 98% having no coding 

potential, being considered as junk accumulated during the evolutionary process
495

. 

However, the establishment of a stronger positive correlation between the genomic 

proportion of non-protein-coding regions and the complexity of the different organisms, 

in comparison to protein coding genes, highlighted their importance. Evolutionarily, this 

junk part of the genome was conserved and enlarged according to the developmental 

complexity, suggesting that non-protein-coding regions underwent an advantageous 

selection. Curiously, genes holding large amounts of intronic sequences are 

considerably more expressed in the nervous system and downregulated in cancers
496

. 

This could suggest that these genes hold intronic regulatory sequences, probably related 

to cell division and tissue-specific gene expression. 

Recently, the Encyclopedia of DNA Elements (ENCODE) Consortium have assigned 

biochemical functions for 80% of the genome, mapping regions of transcription, 

transcription factor association, chromatin structure and histone modifications
497

. 

Although the function of RNA as a regulatory molecule has been overlooked until a 

recent past, the central dogma was challenged by observing that 74,7% of the entire 

genome is actively transcribed under a given physiological context
498

. Thus, the 

information contained in a particular sequence of the genome can be converted into a 

RNA transcript which in turn can either be translated into a protein or influence the 

transcription or translation of other genes. 

3.2 Molecular Functions and Epigenetics 

The classical definition of epigenetics comprises two main layers of gene regulation: 

DNA methylation and histone post-translational modifications. Recently, several 

records in the molecular biology field have unmasked a new complex and dynamic 

layer of gene regulation abreast of the previous ones. This new conceptual revision is 

aware of the direct or indirect interaction of ncRNA molecules with proteins, DNA and 

other RNAs, molding the epigenetic landscape
499

. Accordingly, ncRNAs can bind and 
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recruit histone modifying complexes and/or modulate the activity of DNA 

methyltransferases, affecting the genome organization and expression of both protein 

coding and/or non-coding RNA molecules. In turn, the first RNA molecules can be 

transcriptionally or translationally regulated through the interaction with the second 

ones (Fig. 1.14)
499,500

. Importantly, ncRNAs not only affect gene expression of other 

RNAs, but they are regulated by epigenetic mechanisms themselves. 
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The functionality of ncRNAs has been approached by different methods. Depending on 

the cellular context of a cell, different molecular functions have been attributed to 

ncRNAs, participating crucially in epigenetic processes that control cell differentiation, 

development and cellular physiology. Their expression and direct or indirect targeting 

of proteins can be disrupted by several genetic and epigenetic factors in tumorigenesis, 

and other human diseases, such as neurological, cardiovascular and developmental 

diseases
501-503

. Particularly, the involvement of distinct classes of ncRNAs in cancer, is 

being translated by their annotation as good biomarkers for diagnosis, prognosis and 

predictors for drug response
504-509

. 

3.3 Classification 

A large part of the genome is transcribed into RNAs, but only a small fraction encodes 

proteins
495

. The discovery of a complex layer of gene regulation above the central 

dogma mediated by several epigenetic mechanisms encouraged the characterization of 

their different entities. Among this network, ncRNAs assume a relevant importance by a 

range of different molecular mechanisms from the transcriptional regulation of coding 

genes until their conversion into proteins
510

. The later process is assisted by rRNAs and 

tRNAs which mediate the translation of a particular mRNA into a protein, by forming 

part of the ribosomal components and by the specific transport of amino acids directed 

by a three-nucleotide sequence (codon), respectively. Excluding the rRNAs and tRNAs, 

currently the transcriptome comprise two main groups of ncRNA molecules based on 

their length: small non-coding RNAs (sncRNAs) and long non-coding RNAs 

(lncRNAs), depending if they have less or more than 200 nucleotides, respectively (with 

some exceptions) (Table 1.5)
511

. 

sncRNAs are divided in different subclasses, being characterized by different lengths, 

cellular location, function and pathway of biogenesis. Among others, they comprise the 

following subclasses: small nuclear RNAs (snRNAs), piwi-interacting RNAs (piRNAs), 

small nucleolar RNAs (snoRNAs) and the most widely studied class of ncRNAs, the 

miRNAs. The later ones are ncRNAs of ~22 nucleotides that mediate transcriptional 

gene repression by limiting the translation of mRNA into proteins by different 

mechanisms, guided by sequence complementarity between the small RNA and the 

target mRNAs. It is estimated that more than 60% of protein-coding genes are regulated 

by miRNAs (Fig. 1.15)
512

. 
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Recently, lncRNAs have been recognized as transcriptional and translational key 

modulators of gene expression programs, as well as controllers of mRNA stability, 

being crucial in mammalian cell differentiation and development
500,513,514

. lncRNAs 

comprise different subclasses such as long intergenic noncoding RNAs (lincRNAs), 

natural antisense transcripts (NATs), transcribed ultraconserved regions (T-UCRs), 

telomeric repeat containing RNA (TERRA) and enhancer RNAs (eRNAs). lncRNAs are 

generally located in the chromatin and nucleus being their expression positively 

correlated with the expression of antisense protein-coding genes. Less expressed than 

coding genes, lncRNAs show a tissue-specific expression profile and there is a fraction 

known to be processed into small RNAs
511

. 
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1. Aims 

In the last decades of cancer research scientists contributed to a huge amount of 

discoveries, bringing new players to an unknown landscape that is being more and more 

explored. 

Since the discovery of DNA, the scientific research in cancer was based mainly on 

Genetics and in the central dogma through chromosomal abnormalities and the study of 

protein-coding oncogenes and tumor suppressors, throughout gain-of-function and 

inactivating mutations, respectively. Later, the attempts to look for possible 

explanations that support the existence of different phenotypes for the same genotype 

led to the discovery of two new layers of gene regulation. Here, the actual scenario of 

cancer biology comprising both protein-coding genes and Genetics was challenged by 

their cooperativeness with ncRNAs and Epigenetics. Based on the fact that members of 

other classes of ncRNAs are epigenetically silenced in cancer, we hypothesized that 

members of snoRNA and piRNA classes could be also repressed directly or indirectly 

by hypermethylation (Chapter III and IV). 

While genetic changes are irreversible, the reversibility of epigenetic events opens a 

therapeutic opportunity to target key regulators of the epigenetic landscape and, at the 

same time, a challenge due to their rather unspecific genome-wide effects. Moreover, 

the epigenetic background is tissue-dependent, meaning that the same epigenetic 

regulator can behave as a tumor-suppressor or as an oncogene in a cell context 

dependent manner. For instance, DNMT3A that is recurrently mutated in leukemias
471

, 

is overexpressed in several solid tumors
474

. Traditionally, epigenetic studies are based 

on the CIMP pathogenic pathway, looking specifically at DNA hypermethylation-

dependent silencing of tumor suppressor genes. In order to fill this gap, we 

hypothesized that leukemia cells harboring a mutation in DNMT3A that decreases its 

enzymatic activity
472

, should present a distinct methylome characterized by the specific 

hypomethylation at several loci that encode both coding and non-coding RNAs, which 

become re-expressed (Chapter V). 

Classically, tumor progression studies focus their attention in epigenetic changes at 

proximal promoter regions, while epigenetic alterations at other regulatory loci are 

ignored. Nevertheless, the expression of genes that define cell identity is associated to 
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the existence of super-enhancers, cis-acting gene regulatory sequences
515

. In cancer 

cells, they are able to transcriptionally control oncogenes and other transforming 

genes
516-519

. We hypothesized that both protein-coding and ncRNAs could be 

epigenetically deregulated by aberrant profiles of DNA methylation at distal regulatory 

sequences such as super-enhancers (Chapter VI). 

2. Thesis Outlines  

In the first project entitled “CpG island hypermethylation-associated silencing of 

small nucleolar RNAs in human cancer” (Chapter III) we aim to identify snoRNAs 

whose associated 5′-CpG islands become hypermethylated in cancer. Typically, they 

guide the modification of specific sites in ribosomal and spliceosomal RNAs. 

Nevertheless, there is a subset of snoRNAs with unknown functions (“orphan 

snoRNAs”). In this study we will focus our attention in several snoRNAs, giving more 

attention to snoRNAs with unknown targets and interrogating their possible role in 

cancer. 

In a second project entitled “Epigenetic loss of the PIWI/piRNA machinery in 

human testicular tumorigenesis” (Chapter IV), we aim to investigate whether the 

disruption of PIWI proteins through their promoter region DNA hypermethylation 

affects piRNAs expression. Moreover we hypothesize that their silencing in testicular 

germ cell tumor cell lines and primary SE and NSE tumors would be accompanied by 

piRNA downregulation and concomitant LINE-1 loss of DNA methylation. 

The third project entitled “DNMT3A mutations mediate the epigenetic reactivation 

of the leukemogenic factor MEIS1 in acute myeloid leukemia” (Chapter V) aims to 

identify specific transcripts undergoing re-activation in AML cell lines and patients 

harboring DNMT3A mutations, being our first goal, the identification of ncRNAs 

undergoing hypomethylation-mediated re-expression. 

In our fourth project entitled “Epigenomic analysis detects aberrant super-enhancer 

DNA methylation in human cancer” (Chapter VI) we aim to establish a relationship 

between the DNA methylation beyond those of proximal promoter gene regions and 

associated transcriptional regulation of downstream coding and non-coding genes. 
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1. Abstract 

Much effort in cancer research has focused on the tiny part of our genome that codes for 

mRNA. However, it has recently been recognized that microRNAs also contribute 

decisively to tumorigenesis. Studies have also shown that epigenetic silencing by CpG 

island hypermethylation of microRNAs with tumor suppressor activities is a common 

feature of human cancer. The importance of other classes of non-coding RNAs, such as 

long intergenic ncRNAs (lincRNAs) and transcribed ultraconserved regions (T-UCRs) 

as altered elements in neoplasia, is also gaining recognition. Thus, we wondered 

whether there were other ncRNAs undergoing CpG island hypermethylation-associated 

inactivation in cancer cells. We focused on the small nucleolar RNAs (snoRNAs), a 

subset of ncRNA with a wide variety of cellular functions, such as chemical 

modification of RNA, pre-RNA processing and control of alternative splicing. By data 

mining snoRNA databases and the scientific literature, we selected 49 snoRNAs that 

had a CpG island within ≤ 2 Kb or that were processed from a host gene with a 5′-CpG 

island. Bisulfite genomic sequencing of multiple clones in normal colon mucosa and the 

colorectal cancer cell line HCT-116 showed that 46 snoRNAs were equally methylated 

in the two samples: completely unmethylated (n = 26) or fully methylated (n = 20). 

Most interestingly, the host gene-associated 5′-CpG islands of the snoRNAs 

SNORD123, U70C and ACA59B were hypermethylated in the cancer cells but not in the 

corresponding normal tissue. CpG island hypermethylation was associated with the 

transcriptional silencing of the respective snoRNAs. Results of a DNA methylation 

microarray platform in a comprehensive collection of normal tissues, cancer cell lines 

and primary malignancies demonstrated that the observed hypermethylation of 

snoRNAs was a common feature of various tumor types, particularly in leukemias. 

Overall, our findings indicate the existence of a new subclass of ncRNAs, snoRNAs, 

that are targeted by epigenetic inactivation in human cancer. 
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2. Introduction 

Coding exons account for only 1.5% of the genome
520

, despite being the focus of most 

of the current biomedical research. A large proportion of the genome is made up of non-

protein coding regions that might have critical biological important, containing gene 

regulatory regions (transcriptional and splicing types), matrix attachment sites, origins 

of replication, other functional elements and non-coding RNAs (ncRNAs)
521,522

. The 

physiological and pathological importance of this functional part of the non-protein-

coding genome is particularly apparent in a large class of small non-coding RNAs 

(sncRNAs) known as microRNAs
523

. These are about 22 nucleotides long and repress 

gene expression in a variety of eukaryotic organisms
523

. In human cancer, miRNA 

expression profiles differ between normal tissues and derived tumors and between 

tumor types
524

. miRNAs can act as oncogenes or tumor suppressors, with a key role in 

tumorigenesis
525-527

. Defects in miRNA function have been associated with a failure of 

miRNA post-transcriptional regulation
528

, miRNA transcriptional repression by 

oncogenic factors
529

,
 

loss-of-function genetic alterations in the genes involved in 

miRNA-processing pathways
530-532

 and transcriptional silencing associated with 

hypermethylation of CpG island promoters
533

. Thus, as occurs with miRNAs, it is likely 

that other types of ncRNAs are also involved in human tumorigenesis and are 

characterized by epigenetic and genetic defects in this disease
522

. In this context, 

Ultraconserved Regions (UCRs), a subset of conserved sequences that are located in 

intragenic and intergenic regions
534,535

, are altered at the transcriptional level in human 

tumorigenesis
536

. Interestingly, transcribed UCRs (T-UCRs) undergo DNA methylation-

associated silencing in cancer cells
537

. 

Another important class of ncRNAs that are potentially altered in human cancer are the 

small nucleolar RNAs (snoRNAs), which are localized in the nucleolus
538

. They are 

responsible for methylation
539,540

 and pseudouridylation of rRNA (rRNA) at about 50–

100 sites per eukaryotic ribosome. However there is increasing evidence of the targeting 

of other classes of RNAs, such as mRNAs
541

. snoRNAs are divided into two main 

classes: box C/D and box H/ACA
542

, on the basis of their conserved secondary 

structural characteristics and associated modification reactions
538,543

. The C/D box 

snoRNAs guide the position-specific 2′-O-methylation and are associated with a core of 

four proteins: fibrillarin (the methyltransferase), NOP56, NOP5/NOP58 and NHPX. 
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The H/ACA snoRNAs direct RNA pseudouridylation of rRNA and are associated with 

dyskerin (the pseudouridine synthase), GAR1, NHP2 and NOP10
541,543,544

. Mutations in 

the human dyskerin gene, NHP215 and NOP1016 gene are associated with the X-linked 

genetic disorder, dyskeratosis congenita (DC), where malfunction of rRNA and 

shortening of telomeres have been observed
545-547

. As mutations in the dyskerin gene 

have also been associated with cancer susceptibility
545-547

, it was suggested that 

snoRNAs were involved in the onset and progression of cancer. One of the first studies 

to address this possibility reported a snoRNA to be highly expressed in normal brain, 

but significantly reduced in meningioma
548

. Other studies showed that GAS5, a 

snoRNA-host gene, controls cell survival by inducing or sensitizing cells to 

apoptosis
549,550

. A substantial decrease of GAS5 in breast cancer samples compared with 

adjacent unaffected normal breast epithelial tissues also suggests that it has a role as a 

tumor suppressor gene
550

. 

The association between snoRNAs and cancer was underlined by other studies showing 

that a homozygous 2-bp (TT) deletion of the snoRNA U50 is strongly associated with 

prostate cancer
551

 and that U50 undergoes frequent genomic heterozygous deletion and 

transcriptional downregulation in breast cancer
552

. U50 overexpression reduces colony-

forming ability in prostate and breast cancer cells
551,552

. Taken together, these studies 

suggest that non-coding snoRNA U50 is important in the development and progression 

of breast and prostate cancers
551,552

. More recently, it was shown that a diversity of 

snoRNAs are differentially expressed in non-small-cell lung cancer with respect to the 

corresponding matched tissue
553

, encouraging investigation into the possible role of 

snoRNAs in oncogenesis. Another study has linked at least one snoRNA to the post-

transcriptional processing of a protein-coding gene
554

. There is also evidence that other 

snoRNAs might be involved in the regulation of gene expression by giving rise to other 

regulatory RNA species, such as miRNAs, linking snoRNAs to RNA silencing
555

. It 

would therefore be very interesting to identify the function and mechanisms of the 

orphan snoRNAs. 

The downregulation of tumor suppressor protein-coding genes (e.g., hMLH1, BRCA1, 

VHL and p16
INK4a

)
49

 and ncRNAs with growth inhibitory functions, such as miRNAs
533

 

has been closely linked to the presence of CpG island promoter hypermethylation. Thus, 

we wondered whether the same mechanism could play a role in the loss of adequate 
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snoRNA expression in tumors. Usually, snoRNAs are genomically found in the introns 

of protein-coding or non-protein-coding host genes, with each intron carrying only one 

single snoRNA and their transcription being synchronized with that of the host gene. 

After splicing they are generally processed by debranching and exonucleolytic trimming 

of the 5′- and 3′-ends
541,556-558

, and assembled with specific core proteins that are 

essential for their localization and correct enzymatic activity, and for preventing their 

degradation
544

. However, intergenic snoRNAs are independently transcribed by RNA 

polII as independent units
541

, and some human intron-encoded snoRNAs may have their 

own independent promoters
559

. Herein, we present a double candidate and genomic 

approach to unmask snoRNA-associated CpG islands that undergo cancer-specific 

hypermethylation-associated transcriptional silencing, such as SNORD123, U70C and 

ACA59B. These findings support a model in which epigenetic disruption of emerging 

new classes of ncRNAs, such as snoRNAs, is a common feature of human 

tumorigenesis. 

3. Materials and Methods 

Cell lines, culture conditions and primary study samples 

The human cancer cell lines examined in this study were obtained from the American 

Type Culture Collection (ATCC). HCT-116 and DKO cells were a generous gift from 

Dr. Bert Vogelstein (Johns Hopkins Kimmel Comprehensive Cancer Center). Cells 

were maintained in appropriate media and treated with 1 μM 5-aza-2´-deoxycytidine 

(Sigma) for 48h to achieve demethylation
537

. DNA samples from normal tissues and 

primary leukemias were obtained at the time of the clinically indicated surgical 

procedures. All patients gave written consent to participate in the study and the Ethics 

Committee of each hospital approved the study protocol. 

DNA methylation analyses 

The CpG Island Searcher Program
560

 was used to determine which snoRNAs were 

located within 2 Kb of a CpG island. DNA methylation status was established by PCR 

analysis of bisulfite-modified genomic DNA, which induces chemical conversion of 

unmethylated, but not methylated, cytosine to uracil. Two procedures were used. First, 

methylation status was established by bisulfite genomic sequencing of the 
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corresponding CpG islands. Eight independent clones were analyzed. The second 

analysis used methylation-specific PCR with primers specific for either the methylated 

or modified unmethylated DNA. The primers used are described in Table 3.1. 

Quantification of snoRNAs with real-time PCR 

Quantitative real-time PCR was performed to quantify the level of snoRNAs, as 

described previously
537

. Briefly, to quantify SEMA5A and the snoRNA-host genes 1 μg 

of purified and DNase-treated (TURBO DNA-free, Ambion) total RNA was reverse-

transcribed using Thermoscript RT and random primer hexamers. cDNA was amplified 

by real-time PCR using SYBR (Applied Biosystems) green detection. Reverse 

transcription using a custom-designed TaqMan microRNA Reverse Transcription Kit 

(Applied Biosystems) was used to quantify the SNORD123 and U70C, providing 

specificity for the mature RNA target. Reactions were performed in an Applied 

Biosystems 7900HT Fast Real-Time PCR system in 384-well plates. Expression values 

of ASTN2, LOC100505806, SLC47A1 and SEMA5A were normalized to HPRT1 and 

expression values of U70C and SNORD123 to RNU19, respectively. Total RNA was 

extracted from three independent experiments and real-time PCR reactions were 

performed in triplicate. The primers used are described in Table 3.1. 

Northern-blot 

Fifteen micrograms of total RNA were loaded in a 15% denaturating polyacrylamide gel 

containing 8M Urea in 0.5XTBE buffer system. Decade Marker (Ambion) was prepared 

according to manufacturer’s protocol, using [γ-
32

P] ATP (PerkinElmer) and 

simultaneously loaded into the gel. Both RNA and marker were resolved by gel 

electrophoresis and transferred onto Hybond-N+ membrane (Amersham) in 0.5XTBE, 

followed by UV-cross linking (1200 Jules). Both SNORD123 and 5.8S rRNA probes 

were radiolabeled with 25 μCie using T4 kinase (Invitrogen) and purified with Nucaway 

Spin columns (Ambion). The membrane was prehybridized in hybridization buffer for 

1h and hybridized overnight in the same solution at 45°C containing the SNORD123 

probe previously heated at 95°C for 2 min. The membrane was washed at low 

stringency followed by film exposure. The membrane was then hybridized with the 5.8S 

rRNA probe using the same conditions followed by quantification using 

phosphorimager technology. All the probes used are described in Table 3.1.  
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Infinium 450K DNA methylation array 

The DNA methylation levels at 10 CpG sites encompassing the SNORD123-associated 

CpG island were determined using the Infinium 450K DNA methylation microarray, as 

previously described
561

. Briefly, DNA was quantified by Quant-iT™ PicoGreen dsDNA 

Reagent (Invitrogen) and the integrity was analyzed in a 1.3% agarose gel. Bisulfite 

conversion of 600 ng of each sample was done according to the manufacturer’s 

recommendations for the Illumina Infinium Assay. Effective bisulfite conversion was 

checked for three controls that were converted simultaneously with the samples. Four µl 

of bisulfite-converted DNA were used to hybridize on an Infinium HumanMethylation 

450 BeadChip, following the Illumina Infinium HD Methylation protocol. The chip was 
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analyzed using an Illumina HiScan SQ fluorescent scanner. The intensities of the 

images were measured using GenomeStudio (2010.3) Methylation module (1.8.5) 

software. The methylation score of each CpG is represented as a β value. 

4. Results and Discussion 

4.1 snoRNA CpG island DNA methylation analyses 

To identify snoRNAs with putative DNA methylation-related inactivation in human 

tumors, we data-mined the scientific literature on snoRNAs published during 2000–

2011, as made available by PubMed.gov, the human genome browser at UCSC
562

 and 

the snoRNA-LBME-db database
541

. The CpG Island Searcher Program
560

 was used to 

determine which snoRNAs were located within ≤2 Kb of a CpG island, since it has been 

estimated that more than 90% of the human promoters of another type of ncRNA, the 

microRNAs, are located 1 Kb upstream of the mature transcript
563,564

. The DNA 

methylation status of CpG islands within 2 Kb are also important for regulating the 

expression of a second type of ncRNA, the T-UCRs
537

. We also included snoRNAs that 

were processed from a host gene RNA containing a 5′-CpG island. Figure 3.1 illustrates 

both categories of snoRNA-related CpG islands. Using the described conditions, we 

selected 49 snoRNAs that had a CpG island within a distance of ≤ 2Kb (15 intergenic 

independent snoRNAs and 24 within an intron of a host gene) or that were processed 

from the transcript of a host gene with a 5′-CpG island (n = 10). The characteristics of 

the 49 selected snoRNAs and the summarized results are shown in Table 3.2. 
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We performed bisulfite genomic sequencing of multiple clones using primers 

encompassing the 49 snoRNA-associated CpG islands to determine the DNA 

methylation patterns in normal colon mucosa and the colorectal cancer cell line HCT-

116. We observed a completely unmethylated status for 23 snoRNA-related CpG 

islands in normal tissue and colon cancer cells (Table 3.2). Examples of the bisulfite 

sequencing analyses are shown in Figure 3.2. We also found a dense DNA methylation 

profile for 20 snoRNA-associated CpG islands in normal colon mucosa and HCT-116 

colorectal cancer cells (Table 3.2). Examples of the bisulfite sequencing analyses are 

shown in Figure 3.3. Most importantly, we found a cancer-specific hypermethylation 

event for the snoRNAs SNORD123, U70C and ACA59B. Their associated CpG islands 

were completely unmethylated in normal colon mucosa and heavily hypermethylated in 

HCT-116 colorectal cancer cells (Table 3.2 and Fig. 3.4). For all three cases, the CpG 

islands studied were in the 5′-region of the host gene where the snoRNA is located: the 

long non-coding gene LOC100505806 (SNORD123), astrotactin 2 (U70C) and solute 

carrier family 47 member 1 (ACA59B). The DNA methylation results were also 

confirmed using methylation-specific PCR (Fig. 3.5). 
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4.2 Hypermethylation of snoRNA-related CpG islands is associated with 

transcriptional silencing 

To demonstrate transcriptional silencing of these snoRNAs in cancer cells in association 

with the presence of CpG island hypermethylation, we measured transcript levels by 

quantitative RT-PCR. For the SNORD123, we analyzed the expression of the snoRNA 

itself, the long non-coding RNA LOC100505806 from which the snoRNA is processed 

and the mRNA of the semaphorin 5A (SEMA5A) that it is transcribed in the opposite 

direction from the same CpG island (Fig. 3.4). No expression of the SNORD123, 

LOC100505806 and SEMA5A transcripts could be detected in HCT-116 cells in which 

the shared CpG island was methylated (Fig. 3.6A). Normal colon mucosa expressed the 

three transcripts (Fig. 3.6A). Methylation-specific PCR analyses of two additional colon 

cancer cell lines identified a hypermethylated and unmethylated CpG island in SW48 

and DLD1 cells, respectively (Fig. 3.5). Loss of the SNORD123, LOC100505806 and 

SEMA5A transcripts was observed in the hypermethylated SW48 cells and expression of 

the three transcripts was found in the unmethylated DLD1 cells (Fig. 3.6A). The 

absence of the SNORD123 transcript in HCT-116 and SW48 cells and its presence in 

DLD1 cells was also validated by Northern-blot analyses (Fig. 3.6B). For the snoRNAs 

U70C and ACA59B, no expression of the snoRNA U70C, its host gene ASTN2 and the 

host gene of ACA59B (SLC47A1) could be detected in HCT-116 cells in which the 

corresponding CpG island was methylated (Fig. 3.7). Normal colon mucosa expressed 

the three transcripts (Fig. 3.7). Most importantly, the expression for ACA59B 

(SLC47A1) was restored upon treatment with the DNA demethylating agent 5-aza-2´-

deoxycytidine in the HCT-116 cell line (Fig. 3.7). These results were confirmed using 

an alternative model of an isogenic HCT-116 cell line in which the two major DNA 

methyltransferases, DNMT1 and DNMT3B, had been genetically disrupted (HCT116 

DKO)
565

. The CpG island for ACA59B (SLC47A1) was hypomethylated in DKO cells 

(Fig. 3.7), but hypermethylated in the HCT116 parental cell line. ACA59B (SLC47A1) 

expression was restored in DKO cells (Fig. 3.7), reinforcing the link between CpG 

island hypermethylation and snoRNA silencing. 
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4.3 Profile of snoRNA hypermethylation in different tumor types 

To address the cancer-specific hypermethylation event in snoRNAs, we ruled out the 

possible presence of SNORD123, U70C and ACA59B CpG island methylation in a panel 

of normal tissues from the colon (n = 5), breast (n = 7) and lung (n = 22), in addition to 

four blood samples from healthy volunteers, using a DNA methylation microarray 

approach (Fig. 3.8)
561

. The observed high-throughput DNA methylation platform 

included five, two and four CpG sites corresponding to the bisulfite genomic sequenced 

CpG islands for SNORD123, U70C and ACA59B, respectively (Fig. 3.8). The presence 

of SNORD123, U70C and ACA59B cancer-specific CpG island hypermethylation and 

transcriptional silencing was not a unique feature of the colorectal cancer cell line HCT-

116; analyzing the NCI60 panel of human cancer cell lines (n = 60) from nine tumor 
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types, we also found them in other colon cancer cell lines and lung, breast, prostate, 

ovarian, renal, melanoma, lymphoma and leukemia cells (Fig. 3.9). 

Most importantly, the CpG island hypermethylation of SNORD123, U70C and ACA59B 

was not an in vitro phenomenon. Having noted the high frequency of CpG island 

hypermethylation for the three snoRNAs in leukemia cell lines (Fig. 3.9), we examined 

the presence of these epigenetic events in 48 primary samples from acute 

lymphoblastoid leukemia (ALL) patients, 43 had a B-cell phenotype while five were T-

ALLs (Fig. 3.10). Using the described DNA methylation platform, we observed 

SNORD123, U70C and ACA59B hypermethylation in 27% (13 of 48), 39% (19 of 48) 

and 29% (14 of 48) of acute lymphoblastoid leukemia cases, respectively (Fig. 3.10). 

We did not observe any association between CpG Island hypermethylation of the three 

studied snoRNAs and disease-free survival or overall survival in these patients (Log 

rank Mantel-Cox test p > 0.05). We also extended the analyses of snoRNA DNA 
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methylation to primary acute myelogenous leukemia (AML) samples. Among 16 

primary acute myelogenous leukemia cases, we observed SNORD123 CpG island 

hypermethylation in 25% (4 of 16) of samples, while ACA59B and U70C were 

unmethylated in all cases. Finally, among 20 primary multiple myeloma cases, we 

observed ACA59B CpG island hypermethylation in 10% (2 of 20) of samples, while 

SNORD123 and U70C were unmethylated in all cases. 
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Overall, our results reveal the existence of cancer-specific hypermethylation events in 

CpG islands associated with snoRNAs that lead to their transcriptional inactivation in 

transformed cells. Despite our increasing knowledge about the biological roles of 

snoRNAs, one of the main challenges in cancer research into ncRNAs is the 

identification of a particular function that is relevant for cellular transformation. As 

coding genes
49,194

, microRNAs
533

 and T-UCRs
537

 undergoing cancer-specific CpG 

island hypermethylation-associated silencing are known to have tumor suppressor roles, 

it is possible that snoRNAs act in a similar manner. This additional level of complexity 

is really true for the epigenetic silencing of two of the identified snoRNAs, 

SNORD123
566

 and ACA59B (also known as SNORA59B)
567

, because their target RNAs 

are unknown. ACA59B resides in an intron of the solute carrier family 47 member 1 

(SLC47A1) gene, while SNORD123 is a C/D box snoRNA that resides within a long 

ncRNA transcript (LOC100505806) while in opposite direction is transcribed from the 

same CpG island the coding gene SEMA5A, adding another level of complexity in this 
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case. For U70C (also known as SNORA70 or ACA70), the task might be a little easier. 

U70C was originally cloned from a cervical cancer cell line and belongs to the H/ACA 

box class of snoRNAs, having the predicted hairpin-hinge-hairpin-tail structure, 

conserved H/ACA-box motifs, and an association with the GAR1 protein
566,568,569

. The 

snoRNA U70C resides in an intron of the astrotactin 2 (ASTN2) gene in the sense 

orientation and it serves as a guide for the pseudouridylation of selected bases of rRNA 

by forming short duplexes with the 18S rRNA U1692, the target for this 

snoRNA
566,568,569

. A role for 18S rRNA in tumorigenesis is starting to emerge
570-572

, and 

our findings provide additional information about this role.  

The enormous task of understanding the mechanisms by which snoRNA epigenetic 

silencing contributes to the origin and progression of human tumors still lies ahead. In 

the meantime, our observation that epigenetic inactivation by CpG island 

hypermethylation of a subset of snoRNAs, such as SNORD123, U70C and ACA59B, 

occurs across a wide spectrum of human cancer cell lines and primary tumors of diverse 

cellular and tissue origin provides clear support for the concept that major disruption of 

ncRNA programming is a common feature of cancer cells. 
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1. Abstract 

Although most cancer research has focused in mRNA, non-coding RNAs are also an 

essential player in tumorigenesis. In addition to the well-recognized microRNAs, recent 

studies have also shown that epigenetic silencing by CpG island hypermethylation of 

other classes of non-coding RNAs, such as transcribed ultraconserved regions (T-

UCRs) or small nucleolar RNAs (snoRNAs), also occur in human neoplasia. Herein we 

have studied the putative existence of epigenetic aberrations in the activity of PIWI 

proteins, an Argonaute family protein subclass, and the small regulatory PIWI-

interacting RNAs (piRNAs) in testicular cancer, as the PIWI/piRNA pathway plays a 

critical role in male germline development. We have observed the existence of promoter 

CpG island hypermethylation-associated silencing of PIWIL1, PIWIL2, PIWIL4, and 

TDRD1 in primary seminoma and non-seminoma testicular tumors, in addition to 

testicular germ cell tumor cell lines. Most importantly, these epigenetic lesions occur in 

a context of piRNA downregulation and loss of DNA methylation of the LINE-1 

repetitive sequences, one of the target genomic loci where the PIWI/piRNA machinery 

acts as a caretaker in non-transformed cells. 

 

 

 

 

 

  



CHAPTER IV  

84 
 

2. Introduction 

piRNAs (PIWI-interacting RNAs) are a peculiar class of small non-coding RNAs of 

24–30 nt in length that are mainly expressed in the germline
503,573

. They are transcribed 

from regions in the genome that contain transcribed transposable elements and other 

repetitive elements
503,573

. piRNAs are Dicer-independent and bind the PIWI subfamily 

of Argonaute family proteins
503,574

. The PIWI/piRNA pathway seem to be involved in 

the maintenance of genomic stability and germ cell function by two different 

mechanisms that have been described in Drosophila melanogaster: cleavage of 

transposable element transcripts by PIWI proteins, a process that is mediated through 

piRNA base-pairing recognition, and heterochromatin-mediated transcriptional 

silencing associated with a gain of DNA methylation
503,573,574

. PIWI-class proteins, such 

as PIWIL2 and PIWIL4, are also involved in a so-denominated “ping-pong” 

amplification cycle, creating antisense piRNAs that are capable of repressing the 

transcript of origin
503,573,574

. In fact, knockout mice models for the proteins involved in 

the piRNA biogenesis (such as, MIWI, MILI, and MIWI2) revealed a recovery of 

transposon activity, which is thought to be the cause of the observed sterility due to 

meiotic arrest
575,576

. In this regard, DNA methylation regulated expression of piRNAs 

occurs in human spermatozoa
577

 and non-genetic infertility syndromes in males could 

be associated with epigenetic disruption of PIWI proteins
578

. 

Interestingly, piRNAs have recently been detected also in human cancer cells and 

somatic cells, and it has been suggested that piRNAs control gene expression more 

broadly than previously
573

. Herein, we have wondered if in their natural functional 

context (the normal human testis), the PIWI/piRNA pathway undergoes aberrant DNA 

methylation events that compromise their activity in the corresponding transformed 

cells (human testicular germ cell tumors). To this aim, we have analyzed the 5′end 

promoter CpG islands of the main PIWI-class protein genes (PIWIL1, PIWIL2, and 

PIWIL4) and its associated protein TDRD1 (tudor domain containing protein 1). 

PIWIL1 is expressed after birth in the pachytene stage and acts in translational control 

in the latest stages of spermatogenesis
579

. PIWIL2 has essential roles in the initial 

phases of spermatogenesis: transposon silencing in fetal gonocytes, germline stem cell 

self-renewal and early prophase of mammalian testis
580

. Furthermore, PIWIL2 has been 

implicated in translational regulation of many genes during early spermatogenesis since 
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it binds piRNAs and mRNAs
580

. TDRD1 binds directly to PIWIL2 and PIWIL1
581

. 

Although it does not affect the ability of PIWI proteins to associate with piRNAs in 

embryonic testes, it controls the entry of correct transcripts into the normal pool of 

piRNAs
582

. Our data indicate that epigenetic disruption of the entire PIWI/piRNA 

pathway is indeed a hallmark for the development of testicular tumors. 

3. Materials and Methods 

Cell lines and patient samples 

833K, SuSa and GCT27 testicular germ cell tumor lines
583

 were cultured in RPMI 1640 

medium supplemented with 20% (w/v) fetal bovine serum and penicillin/streptomycin 

(all from Invitrogen). All the cell lines were cultured at 37°C in a humidified 

atmosphere with 5% (v/v) CO2. A representative subset of primary testicular germ cell 

tumors were obtained from the IDIBELL Bank of tumors, supported by the Xarxa de 

Bancs de Tumors de Catalunya sponsored by Pla Director d'Oncología de Catalunya 

(XBTC). The study was approved by the relevant institutional review boards and ethics 

committees and informed consent was obtained from each patient. Seventeen primary 

pure seminomas (SE) and 19 non-seminomas (NSE) including either pure tumors 

(embryonal carcinomas, choriocarcinomas and yolk-sac tumors) as mix tumors 

composed by two or more components were included in the study. RNA and DNA from 

cell lines and primary tumor RNA and DNA from cell lines, testicular cancer samples 

and healthy controls were extracted using TRIzol (Invitrogen) and 

Phenol:Chloroform:Isoamylalcohol (Sigma), respectively. Bisulphite modification of 

genomic DNA was performed with the EZ DNA Methylation Kit (Zymo) following the 

manufacturer's protocol. Total RNA from adult normal testis (R1234260-50-BC) was 

purchased from BioCat. 

Pyrosequencing 

The set of primers for PCR amplification and sequencing were designed using a specific 

software pack (PyroMark assay design version 2.0.01.15). PIWIL1: FF 5′-

GTTTGYGGGG TAGTTAATGA GGG, RV 5′-ACCTCCCAAA ACCTCCTT, SEQ 

5′-CCCAAAACCT CCTTC; PIWIL2: FF 5′-ATGGGTTAAT TAGATAGTTT 

GTTTTTGTGA, RV 5′- AACCCACATA CTCCAAAACC AATTTC, SEQ 5′- 
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AATTAGATAG TTTGTTTTTG TGAA; PIWIL4: FF 5′-AAGTAATGGG 

AAGAAAAAGG AAGTT, RV 5′-CCAAAATAAC CACAAAAACT 

ACAAAATCTC, SEQ 5′-CAACATCCAC AACCA; TDRD1: FF 5′-AAGGAATTTT 

TTGAGTTTGT AATTAGAGTA, RV 5′-ATACAAACCC TCTCCCTCCC CTATA, 

SEQ 5′-TTGTAATTAG AGTATAAGTT GTTT. LINE-1 was quantified using the 

PyroMark Q96 LINE-1 assay (Qiagen) that target four CpG sites in positions 331 to 305 

(GenBank accession no X58075) within the human LINE-1 transposon DNA consensus 

sequence. PCR was performed with primers biotinylated to convert the PCR product to 

single-stranded DNA templates. We used the Vacuum Prep Tool (Biotage) to prepare 

single-stranded PCR products according to manufacturer’s instructions. Pyrosequencing 

reactions and methylation quantification were performed in a PyroMark Q24 System 

version 2.0.6 (Qiagen). Graphic representation of DNA methylation values shows the 

averaged values over multiple CpG sites. 

Real-time qRT-PCR 

Total RNA was reverse transcribed using ThermoScript RT-PCR System (Invitrogen, 

Life Technologies) under standard conditions with hexanucleotide random primers, 

according to the manufacturer's instructions. cDNA of protein coding genes was 

amplified by real-time PCR using Taqman assays: PIWIL1 (Hs01041737), PIWIL2 

(Hs00216263), PIWIL4 (Hs00381509) and TDRD1 (Hs00229805) and expression 

values were normalized to GAPDH (AB Assay ID 4333764F). Reverse transcription 

and amplification of 3 randomly chosen piRNAs was performed using a custom-

designed TaqMan assays (Applied Biosystems), providing specificity for the mature 

RNA target. Expression values of piRNAs DQ598918 (CSQJAPI), DQ589977 

(CSMSF6U) and DQ601609 (CSVI3FS) were normalized to RNU19 (AB Assay ID 

001003). 

Infinium 450K Methylation array 

All DNA samples were assessed for integrity, quantity and purity by electrophoresis in 

a 1.3% agarose gel, picogreen quantification, and nanodrop measurements. All samples 

were randomly distributed into 96 well plates. Bisulfite conversion of 500 ng of 

genomic DNA was performed using the EZ DNA methylation kit (Zymo Research) 

following the manufacturer’s instructions. 200 ng of bisulfite-converted DNA were used 

http://www.ncbi.nlm.nih.gov/nuccore/X58075
http://www.ncbi.nlm.nih.gov/nuccore/DQ598918
http://www.ncbi.nlm.nih.gov/nuccore/DQ589977
http://www.ncbi.nlm.nih.gov/nuccore/DQ601609
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for hybridization on the HumanMethylation450 BeadChip (Illumina). Briefly, samples 

were whole-genome amplified followed by enzymatic end-point fragmentation, 

precipitation and resuspension. The resuspended samples were hybridized onto the 

BeadChip for 16 h at 48 °C, and then washed. A single nucleotide extension with 

labeled dideoxy-nucleotides was performed and repeated rounds of staining were 

applied with a combination of labeled antibodies differentiating between biotin and 

DNP. Chip analysis was performed using Illumina HiScan SQ fluorescent scanner. The 

intensities of the images were extracted and the data was normalized using 

GenomeStudio (2010.3) Methylation module (1.8.5) software. 

 Statistical analysis 

Statistical analyses were performed using GraphPad PRISM (v5.04). The nonparametric 

Mann-Whitney U test was used to analyze differences in absolute expression and 

methylation level in cancer patient groups compared with controls. A value of P < 0.05 

was considered significant. 

4. Results and Discussion 

4.1 Gain of 5′end promoter CpG island methylation for the PIWIL1, PIWIL2, 

PIWIL4 and TDRD1 genes occurs in primary testicular tumors in association with 

their transcriptional silencing 

The PIWIL1, PIWIL2, PIWIL4, and TDRD1 genes have 5′end CpG islands surrounding 

the corresponding transcription start sites and, thus, they are candidate genes to be 

epigenetically inactivated by promoter CpG island hypermethylation in human 

cancer
63,431

. Using bisulfite modification of DNA coupled with pyrosequencing, we 

observed that the four genes undergo hypermethylation events in primary testicular 

cancer in comparison to normal testicular tissues that show unmethylated CpG islands. 

The gain of 5′end CpG island methylation of PIWIL1, PIWIL2, PIWIL4, and TDRD1 

occurred both in seminoma and non-seminoma tumors (Fig. 4.1). To demonstrate the 

transcriptional silencing of these PIWI-class protein genes in cancer cells in association 

with the presence of CpG island hypermethylation, we measured PIWIL1, PIWIL2, 

PIWIL4, and TDRD1 levels by quantitative RT-PCR. The expression of the four studied 

PIWI/piRNA pathway genes was significantly downregulated in testicular tumors in 
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comparison to normal testis. The diminished expression of PIWIL1, PIWIL2, PIWIL4, 

and TDRD1 occurred both in seminoma and non-seminoma tumors (Fig. 4.1). 

 

We further tightened the link between CpG island hypermethylation of the studied 

PIWI-class protein genes and transcriptional inactivation by the analyses of testicular 

cancer cell lines. Using a DNA methylation microarray
561

 that contains numerous CpG 

sites located in the PIWIL1, PIWIL2, PIWIL4, and TDRD1 CpG islands (Fig. 4.2), we 

found that the human testicular germ cell tumor lines 833K, GCT27 and SuSa showed 

dense promoter CpG island hypermethylation for the described genes. Most 

importantly, we did not observe expression of the four studied PIWI/piRNA pathway 

genes in any of the three studied cancer cell lines, while normal testis expressed the 

PIWIL1, PIWIL2, PIWIL4 and TDRD1 transcripts (Fig. 4.2). 
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4.2 Epigenetic inactivation of PIWI-class protein genes is associated with 

diminished piRNA expression and hypomethylation events at LINE-1 loci 

Once we had determined the existence of promoter CpG island hypermethylation events 

in the described PIWI-class protein genes and the diminished expression of their 

corresponding transcripts in testicular tumorigenesis, both in primary tumors and 

cultured transformed cells, we wondered about the downstream impact of the described 

epigenetic inactivation. We first analyzed the expression levels of piRNAs in the same 

samples studied for PIWIL1, PIWIL2, PIWIL4, and TDRD1 CpG island methylation and 

transcription. piRNAs show a high diversity in their genomic sequences and are 

transcribed from a relatively small number of genomic regions called piRNAs 

clusters
584

. After a primary RNA is generated, piRNA accumulation requires 

amplification by the above mentioned ping-pong mechanism involving at least two 

distinct Piwi proteins, a process that occurs in the cytoplasm
503,573

. Herein, we randomly 

selected three piRNAs transcribed from different genomic loci to sample the global 

levels of expression of these small regulatory ncRNAs: DQ598918 (chr7:99 691 656–

http://www.ncbi.nlm.nih.gov/nuccore/DQ598918
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99 691 686), DQ589977 (chr17:79 479 330–79 479 358) and DQ601609 

(chr1:179 557 005–179 557 036). Using quantitative RT-PCR to study the expression 

levels of the three piRNAs, we found diminished expression of all of them in primary 

testicular tumors in comparison to normal testis (Fig. 4.3). The diminished expression 

of the piRNAs DQ598918, DQ589977 and DQ601609 occurred both in seminoma and 

non-seminoma tumors (Fig. 4.3). 

Interestingly, the detected aberrant hypermethylation and diminished expression of 

PIWI-family genes, together with the downregulated piRNAs, might have the ability to 

provoke further DNA methylation changes of additional loci. In this regard, genetic and 

molecular analyses have identified interactions between DNA methyltransferases 

http://www.ncbi.nlm.nih.gov/nuccore/DQ589977
http://www.ncbi.nlm.nih.gov/nuccore/DQ601609
http://www.ncbi.nlm.nih.gov/nuccore/DQ598918
http://www.ncbi.nlm.nih.gov/nuccore/DQ589977
http://www.ncbi.nlm.nih.gov/nuccore/DQ601609
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(DNMTs) and piRNA pathway members. The PIWI/DNMT3L complex targets 

genomic loci, sequence-guided by small RNAs
585

. DNMT3L
585

 as well as PIWIL2
586

 

and TDRD1
582

 null models revealed a loss of DNA methylation at LINE-1 and 

intracisternal A-particle (IAP) transposons, leading to reactivation of the repetitive 

sequences. Thus, we proceeded to determine in our studied set of primary testicular 

tumors that harbor PIWIL1, PIWIL2, PIWIL4, and TDRD1 promoter CpG island 

methylation-associated silencing and piRNA diminished levels, had also undergone 

DNA methylation changes at the LINE1 sequence. Using bisulfite modification of DNA 

coupled with pyrosequencing, we observed that the LINE1 sequences experimented 

hypomethylation events in testicular cancer in comparison to normal testis that show a 

more methylated LINE1 sequence (Fig. 4.3). The loss of LINE1 methylation occurred 

both in primary seminoma and non-seminoma tumors (Fig. 4.3). 

Overall, our results show the existence of cancer specific hypermethylation events in the 

CpG islands of genes associated with piRNAs that leads to their transcriptional 

inactivation in testicular cancer. Most importantly, the epigenetic inactivation of PIWI-

class protein genes (PIWIL1, PIWIL2, and PIWIL4) and its associated protein TDRD1 

in human testicular tumorigenesis occurs in a molecular context characterized by a 

diminished expression of the piRNAs and the DNA hypomethylation of LINE1, a 

PIWI/piRNA target sequence. Interestingly, epigenetic disruption of PIWI proteins also 

occurs in non-genetic infertility syndromes in males
578

 and there is an epidemiological 

association between male infertility and testicular cancer
587,588

. Thus, the epigenetic 

disruption of the PIWI/piRNA pathway could be the missing common link in the 

genesis of both pathologies. A model for the PIWI/piRNA pathway in normal testis and 

its disruption in testicular tumors is also shown in Figure 4.4. Although much work lies 

ahead to understand the role of the PIWI/piRNA machinery in cellular transformation, 

the current work provide intriguing clues for further developments and discoveries in 

this area. 
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1. Abstract 

Close to half of de novo acute myeloid leukemia (AML) cases do not exhibit any 

cytogenetic aberrations. In this regard, distortion of the DNA methylation setting and 

the presence of mutations in epigenetic modifier genes can also be molecular drivers of 

the disease. In recent years, somatic missense mutations of the DNA methyltransferase 

3A (DNMT3A) have been reported in ~20% of AML patients; however, no obvious 

critical downstream gene has been identified that could explain the role of DNMT3A in 

the natural history of AML. Herein, using whole-genome bisulfite sequencing and DNA 

methylation microarrays, we have identified a key gene undergoing promoter 

hypomethylation-associated transcriptional reactivation in DNMT3A mutant patients, 

the leukemogenic HOX cofactor MEIS1. Our results indicate that, in the absence of 

mixed lineage leukemia fusions, an alternative pathway for engaging an oncogenic 

MEIS1-dependent transcriptional program can be mediated by DNMT3A mutations. 
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2. Introduction 

Acute myeloid leukemia (AML) comprises a group of hematopoietic malignancies 

derived from myeloid precursors that have a highly heterogeneous clinical course and 

response to therapy. AML is characterized by greater proliferation and lower 

differentiation of the hematopoietic progenitor cells. Non-random cytogenetic 

aberrations are the single most important prognostic factor of the disease, but close to 

half of de novo AML cases do not exhibit any
589

. Many molecular drivers with potential 

prognostic significance have been described particularly for this last group, such as 

mutations in nucleophosmin, fms-related tyrosine kinase 3 and CCAAT/enhancer-

binding protein-α. In recent years, distortion of the DNA methylation setting and the 

presence of mutations in epigenetic modifier genes, such as Tet methylcytosine 

dioxygenase 2 and isocitrate dehydrogenase 1/2, have been directly implicated in the 

pathogenesis of AML
169

. In this regard, somatic missense mutations of the DNA 

methyltransferase 3A (DNMT3A) have also been reported in ~20% of AML patients, in 

whom they are usually associated with an unfavorable prognosis
471,472,590,591

. 

DNMT3A is a de novo DNA methyltransferase that catalyzes the transfer of a methyl 

group onto the 5′-position of cytosine of CpG dinucleotides. Most of the DNMT3A 

mutations present in AMLs are heterozygous, with a great predominance of missense 

alterations in the R882 residue located in the catalytic domain
471,472,590,591

. R882H 

DNMT3A has recently been shown to act as a dominant negative that inhibits wild-type 

DNMT3A
473

. In this context, AML samples carrying DNMT3A mutations have been 

found to be associated with DNA methylation changes
592,593

. However, no clear and 

common epigenetic signature has so far emerged and, most importantly, no obvious 

critical downstream gene has been identified that could explain the role of DNMT3A in 

the natural history of AML. 

3. Materials and Methods  

Samples description 

OCI-AML3 and OCI-AML5 cell lines were obtained from the Leibniz Institute DSMZ-

German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany) and 

cultured according to supplier's specifications at 37ºC in a humidified atmosphere with 
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5% (v/v) CO2. Genomic DNA and RNA were extracted by the Phenol:Chloroform: 

Isoamylalcohol methodology (Sigma) and by automated purification with the 

Maxwell® 16 LEV simplyRNA Kit (Promega, Madison, WI, USA) following the 

manufacturer's protocol, respectively. DNA from primary AML samples was provided 

by the Department of Hematology of the RWTH Aachen University (Aachen, Germany) 

after written consent according to the “Biobank” rules of the medical faculty and 

approval by the local ethics committee (Permit Number: EK206/09).  

 Whole Genome Bisulfite Sequencing  

We spiked genomic DNA (1 or 2 μg) with unmethylated λ DNA (5 ng of λ DNA per μg 

of genomic DNA) (Promega). We sheared DNA by sonication to 50–500 bp with a 

Covaris E220 and selected 150- to 300-bp fragments using AMPure XP beads 

(Agencourt Bioscience Corp.). We constructed genomic DNA libraries using the 

TruSeq Sample Preparation kit (Illumina Inc.) following Illumina’s standard protocol. 

After adaptor ligation, we treated DNA with sodium bisulfite using the EpiTect 

Bisulfite kit (Qiagen) following the manufacturer's instructions for formalin-fixed and 

paraffin-embedded (FFPE) tissue samples. We performed two rounds of conversion to 

achieve >99% conversion. We enriched adaptor-ligated DNA through seven cycles of 

PCR using the PfuTurboCx Hotstart DNA polymerase (Stratagene). We monitored 

library quality using the Agilent 2100 BioAnalyzer (Agilent) and determined the 

concentration of viable sequencing fragments (molecules carrying adapters at both 

extremities) by quantitative PCR using the Library Quantification Kit from KAPA 

Biosystems. We performed paired-end DNA sequencing (two reads of 100 bp each) 

using the Illumina Hi-Seq 2000. 

Sequencing quality was assessed using the Illumina Sequencing Analysis Viewer and 

FastQC software. We ensured the raw reads used in subsequent analyses were within 

the standard parameters set by the Illumina protocol. Positional quality along the reads 

was confirmed to be QC>30, and we excluded biases towards specific motifs or GC-

enriched regions in the PCR amplification or hybridization. Sequence alignment and 

DNA methylation calling of WGBS reads were performed using Bismark V.0.7.4 

software
594

. SAM/BAM and BED file handling was done using SAMtools, bedtools
595

 

and Tabix
596

. Statistical analysis and graphic representation was performed with R 

(http://www.R-project.org) and multicore and ggplot2 libraries. We smoothed the DNA 
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methylation profiles using a previously described method for processing WGBS data
597

. 

Briefly, the method assumes that the DNA methylation profile is defined by a varying 

function of the genomic location that can be estimated with a local likelihood smoother. 

We used HG19 as the reference genome and retrieved genomic information from 

Biomart
598

 and Gencode V.16. The TSS was considered to be the most upstream base of 

all the annotated transcript variants of the gene.  

Infinium HumanMethylation450 BeadChip 

All DNA samples were assessed for integrity, quantity and purity by electrophoresis in 

a 1.3% agarose gel, picogreen quantification, and nanodrop measurements. All samples 

were randomly distributed into 96-well plates. Bisulfite conversion of 500 ng of 

genomic DNA was done using the EZ DNA methylation kit (Zymo Research), 

following the manufacturer’s instructions. 200 ng of bisulfite-converted DNA were used 

for hybridization on the HumanMethylation450 BeadChip (Illumina). The 

HumanMethylation450 BeadChip data were processed using the Bioconductor minfi 

package. We performed the “Illumina” procedure, which corrects for background signal 

and normalizes it, taking the first array of the plate as a reference. The methylation level 

(β) for each of the 485,577 CpG sites was calculated as the ratio of methylated signal 

divided by the sum of methylated and unmethylated signals plus 100. After the 

normalization step, we removed probes related to X and Y chromosomes. All analyses 

were performed in human genome version 19 (HG19).  

Expression and chromatin immunoprecipitation (ChIP) analysis 

Total RNA was reverse transcribed with the oligo-dT ThermoScript RT-PCR system 

(Invitrogen, Life Technologies, USA), according to the manufacturer's instructions. 

cDNA was amplified by real-time PCR using SYBR (Applied Biosystems) green 

detection and PPIA and GAPDH were used as housekeeping genes for normalization 

(Table 5.1). Protein lysates were obtained using Laemli Buffer 1X after washing the 

cells with cold PBS and the respective concentrations were determined using the Bio-

Rad DC protein assay (Bio-Rad Laboratories, Hercules, CA). Subsequent to standard 

techniques of western blot, membranes were incubated with Anti-MEIS1 antibody 

(ab19867, ABCAM) and β-actin-HRP (A3854, SIGMA). ChIP analysis for DNMT3A 

was performed as previously described
599

. Primers are available upon request. 
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4. Results and Discussion 

To find downstream hypomethylated targets mediated by the DNMT3A mutational 

event, we have taken an unbiased epigenetic approach to examine the entire DNA 

methylome at the single-nucleotide level of a well known DNMT3A AML mutant cell 

line (OCI-AML3, which harbors a heterozygous R882C mutation)
600

 and a widely used 

DNMT3A wild-type AML cell line (OCI-AML5). Using whole-genome bisulfite 

sequencing, we generated 476 146 848 and 497 572 515 sequencing reads, of which 

74.3% (353 777 108) and 80.4% (400 048 302) mapped uniquely to the human genome, 

respectively. Genome wide, we achieved a base coverage of 23.1x for OCI-AML3 and 

26.1x for OCI-AML5 and 32.8x and 32.5x at CpG dinucleotides, respectively, enabling 

us to interrogate DNA methylation levels for >25 M CpG sites genome wide (>5 reads 

per site). The complete whole-genome bisulfite sequencing data from OCI-AML3 and 

OCI-AML5 are illustrated in Figure 5.1a, and are available for download from NCBI 

GEO (National Center for Biotechnology Information Gene Expression Omnibus):  

http://www-ncbi-nlm-nih-gov.sire.ub.edu/geo/query/acc.cgi?token=crcvqguqdhwxrsf&acc=GSE62303 

We observed that DNMT3A mutant AML cells had a 9% (66.1% vs 75.1%) decrease in 

average DNA methylation level and fewer methylated CpG dinucleotides than did the 

DNMT3A wild-type cells (Fig. 5.1b and c). The diminished methylated CpG 

dinucleotide content in OCI-AML3 observed with respect to OCI-AML5 cells is 

consistent with the reduced DNA methyltransferase activity associated with the 

mutations described in DNMT3A
471,472,590,591

. To find specific target genes affected by 

the DNA hypomethylation events noted in the AML cells harboring the DNMT3A 

mutation, we searched for particular differentially methylated regions (DMRs) between 

the two AML cell lines. These were defined as consecutively and consistently 

differentially methylated loci located beyond the 95% confidence interval (CI) of the 

smoothed methylation profiles. Using these criteria, we identified 182 800 DMRs 

between OCI-AML3 and OCI-AML5 cells. The most common DMR change was the 

presence of a methylated sequence in OCI-AML5 that was unmethylated in OCI-

AML3: 156 919 hypomethylated events that represented 86% of the identified DMRs 

(Fig. 5.1d). We focused on those hypomethylated DMRs located in unique candidate 5′-

end regulatory promoters, which corresponded to a total of 1416 genes. To identify the 

hypomethylated promoters that had a transcriptional effect on the respective associated 

http://www-ncbi-nlm-nih-gov.sire.ub.edu/geo/query/acc.cgi?token=crcvqguqdhwxrsf&acc=GSE62303
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genes, we complemented the whole-genome bisulfite sequencing data with the results of 

an expression microarray experiment for the OCI-AML3 and OCI-AML5 cell lines 

(http://www.cancerrxgene.org/downloads/). This approach yielded 292 genes with 

transcriptional activation associated with promoter hypomethylation in DNMT3A 

mutant cells relative to wild-type cells (Fig. 5.1e and Table 5.2). 

http://www.cancerrxgene.org/downloads/
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We next examined how the profile of genes with hypomethylation-associated 

expression derived from the DNMT3A AML cell line models translated to primary 

samples obtained from AML patients. To this end, we screened sixty-eight AML 

patients (whose clinical information is summarized in Table 5.3) for DNMT3A 

mutations in exons 10–23 by direct Sanger sequencing; we also hybridized these 

samples to a comprehensive DNA methylation microarray that interrogates ~450 000 

CpG sites. We detected 14 DNMT3A mutations (21%) in our AML group, a similar 

percentage to that reported previously
471,472,590,591

, consisting of 13 R882 mutations (7 

R882H, 4 R882S and 2 R882P) and 1 S525C mutation. DNMT3A mutations were 

enriched in the AML cases that showed no cytogenetic abnormalities (Fisher's exact 

test, P=0.0353). None of our AML cases had mixed lineage leukemia (MLL) 

translocations. AML patients with DNMT3A mutations had a shorter 5-year overall 

survival (OS) (log-rank test; P=0.046; hazard ratio, 95% CI: 2.02, 1.00–4.10). 

When we combined the DNMT3A mutational status data with the DNA methylation 

analysis of our 292 identified hypomethylated-activated genes, we were able to define a 

signature of 12 hypomethylated gene promoters that were significantly enriched in the 

primary AML cases carrying the DNMT3A mutations (Wilcoxon's test; P<0.01) (Figure 

5.2a and Table 5.4). Interestingly, this 12-gene hypomethylation signature was also 

associated with worse OS (log-rank test; P=0.037; HR, 95% CI: 1.92, 1.03–3.60) (Fig.  

5.2a). The DNA hypomethylation signature of the 12 genes was validated in an 

independent cohort of primary AML patient samples (n=194)
169

, in which the described 

hypomethylated CpG sites were enriched in DNMT3A mutant patient samples (Fisher’s 

exact test, P<0.01; Fig. 5.2b). The 12-gene hypomethylated signature was also 

associated with shorter OS in this validation group (log-rank test; P=0.014; HR, 95% 

CI: 1.89, 1.12–3.18) (Fig. 5.2b). We further confirmed by quantitative reverse 

transcription–PCR that the hypomethylated status of these candidate genes in the 

DNMT3A mutant OCI-AML3 cells was associated with a high level of expression of the 

corresponding transcripts, whereas their methylated status in DNMT3A wild-type OCI-

AML5 cells was linked to transcriptional repression (Fig. 5.3a). These target genes 

include two homeobox genes (HOXA11 and HOXB2), members of a family of 

transcription factors involved in differentiation that, it has been suggested, are 

hypomethylated in DNMT3A mutant AML
592,593

. 
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However, most importantly, the highest-ranked candidate gene, whose five significantly 

differentially methylated CpG sites spanned the largest region among the 12 genes 

(Table 5.4), was the leukemogenic HOX cofactor MEIS1. The reactivation of the 

MEIS1 gene at the protein level in the DNMT3A mutant cell line context was also 

confirmed (Fig. 5.3b). The targeting of the DNMT3A protein to the MEIS1 gene was 

observed using the chromatin immunoprecipitation assay (Fig. 5.3b). We also noted the 

impact of DNMT3A mutant-mediated MEIS1 hypomethylation in the context of the 

primary patient
169

, whereby AML DNMT3A mutant patients were hypomethylated and 

had a higher level of expression of MEIS1 (Spearman's correlation; ρ=−0.71, P<0.01) 
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(Fig. 5.3b). MEIS1 is critical for the development of hematopoietic cells and has highly 

regulated transcriptional activity with high levels observed in hematopoietic stem cells 

and early progenitor cells, but downregulated expression in later stages of hematopoietic 

development
601

. This latter pattern appears to be disrupted in leukemogenesis, as 

persistent overexpression of MEIS1 has been consistently observed in association with 

poor prognosis in acute leukemia patients
602

. In addition, MEIS overexpression causes 

shorter latency and accelerated progression in different leukemogenic models
603,604

. 

Interestingly, the common translocations in AML that involve MLL drive the activation 

of MEIS1 that is essential for the initiation and maintenance of MLL-rearranged 

AML
603

. In this regard, MEIS1 overexpression in murine bone marrow progenitor 

generates an AML with features in common with those driven by the MLL-fusion 

proteins
604

. 

Our results suggest that, in the absence of MLL fusions, as in our cases, an alternative 

pathway for engaging a leukemogenic MEIS1-dependent transcriptional program can be 

mediated by DNMT3A mutations. Under these circumstances, those AML patients 

carrying the alteration in the DNA methyltransferase would undergo a hypomethylation 

event at the MEIS1 promoter that would lead to the overexpression of this key oncogene 

in leukemia
605

. 
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6. Unpublished data  

There are some considerations to be done about the integration of this study on this PhD 

thesis. The initial aim of this project was the identification and characterization of 

known or predicted non-coding RNAs, up-regulated in AML cell lines and in patients 

harboring DNMT3A mutations.  

Our hypothesis considered that the inhibited or limited activity of the de novo DNA 

methyltransferase DNMT3A would lead to an absence of DNA methylation in several 

loci, which in healthy conditions undergo de novo DNA methylation to mediate specific 

gene silencing. We speculated that between those genes, the lack of methylation in non-

coding RNAs and their continuous expression would create a selective advantage 

assisting the malignant process. By analyzing the data obtained by WGBS and through 

the Infinium HumanMethylation450 BeadChip Array, we first identified several DMRs 

between the two cell lines. By investigating the genomic location of such DMRs, we 

verified that MEIS1 DMR overlapped genomically with the promoter region of other 

genes encoded in the same locus in the sense and antisense strand. We selected one 

RefSeq (NCBI Reference Sequence Database) non-coding RNA and two Ensembl 

predicted non-coding genes, expecting their possible implication in the regulation of the 

protein-coding gene MEIS1. To test our hypothesis two pairs of primers were designed 

to amplify the cDNA of each one of the predicted candidate genes. However none of the 

three selected candidates were successfully amplified in our AML cell lines : OCI-

AML3 harboring a mutation in DNMT3A and OCI-AML5, wild type for DNMT3A. 

Additionally, OCI-AML2 with only one copy of mutated DNMT3A was used in this 

validation but the predicted transcripts were not detected (Fig. 5.4). 
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The lack of validation of our non-coding candidate genes and further analysis, prompted 

us to focus our attention on the role of this DMR in the direct epigenetic regulation of 

MEIS1, leading to the above transcribed original publication. 

 

Based on the genome-wide DNA methylation data, we concomitantly interrogated the 

genomic proximity of the previously identified highest-ranked DMRs to the promoter 

region of validated or predicted non-coding transcripts. Using a similar approach to the 

one used in the mentioned publication, we considered the promoter region of ncRNAs 

up to 2Kb of their TSS in both directions, comparing OCI-AML3 and OCI-AML5 cell 

lines. We were able to establish a DNA hypomethylation signature at 6 CpG 

differentially methylated sites (4 different lncRNAs). Expanding our analysis to patient 

samples harboring the wild type or the mutated form of DNMT3A, we also verified a 

tendency for their grouping in terms of DNA methylation profile (Fig. 5.5A). 

We hypothesized that the identified lncRNAs undergo a hypomethylation-mediated 

transcriptional reactivation, expanding our analysis to a fifth lncRNA with partial 

genomic overlapping with one of the previously identified lncRNAs (Fig. 5.5B). By  
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analyzing the expression of the lncRNAs ENST00000413346, LOC100506585, 

LOC90834, ENST00000443490 and MIRLET7BHG in OCI-AML3 and OCI-AML5, we 

verified that four of them were significantly more expressed in the DNMT3A mutant cell 

line OCI-AML3 (p<0,05) (Fig. 5.5C). Primers are listed in the Table 5.5. 

In this parallel study, we were able to validate four lncRNAs undergoing a 

hypomethylation-associated transcriptional reactivation in DNMT3A mutant cells, 

namely ENST00000413346, LOC100506585, ENST00000443490 and MIRLET7BHG. 

Our results suggested that these ncRNAs could be reactivated by the deficient activity 

of DNMT3A harboring the known driver mutation in AML, on Arginine 882. The 

establishment of correlations between the DNA methylation of the promoter regions of 

these lncRNAs and their expression in a larger group of cell lines or patient samples, as 

well as, the assessment of DNMT3A occupancy at their promoter region would help to 

define whether the possible reactivation of these lncRNAs are driven by DNMT3A 

mutations in AML. Moreover further studies are required to interrogate the possible 

functions of these lncRNAs in the leukemogenic process. MIRLET7BHG is the host 
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gene of let-7a-3 and let-7b. Interestingly 6 members of the let-7 family, including let-7a 

and let-7b were described to be highly expressed in two AML cell lines, namely THP-1 

and HL60
606

. Additionally, overexpression of let-7a-3 was associated with poor 

prognosis in AML
607

 and it was previously reported that the let-7a-3 locus is methylated 

in normal human tissues and hypomethylated in some lung adenocarcinomas. Despite 

the later study was focused in a different genomic location, it suggested that the loss of 

methylation was associated with let-7a-3 transcriptional activation and enhanced tumor 

phenotype
608

. 

Based on our results, we suggest that DNMT3A mutations could contribute to the 

hypomethylation-associated reactivation of the host gene that carries both let-7a-3 and 

let-7b, connecting these ncRNAs to the associated worse prognosis of patients. 

Conclusion: Altered expression of ncRNAs in DNMT3a mutant AML patients might 

have a role in oncogenesis. 
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1. Abstract 

One of the hallmarks of cancer is the disruption of gene expression patterns. Many 

molecular lesions contribute to this phenotype, and the importance of aberrant DNA 

methylation profiles is increasingly recognized. Much of the research effort in this area 

has examined proximal promoter regions and epigenetic alterations at other loci are not 

well characterized. 

Using whole genome bisulfite sequencing to examine uncharted regions of the 

epigenome, we identify a type of far-reaching DNA methylation alteration in cancer 

cells of the distal regulatory sequences described as super-enhancers. Human tumors 

undergo a shift in super-enhancer DNA methylation profiles that is associated with the 

transcriptional silencing or the overactivation of the corresponding target genes. 

Intriguingly, we observe locally active fractions of super-enhancers detectable through 

hypomethylated regions that suggest spatial variability within the large enhancer 

clusters. Functionally, the DNA methylomes obtained suggest that transcription factors 

contribute to this local activity of super-enhancers and that trans-acting factors 

modulate DNA methylation profiles with impact on transforming processes during 

carcinogenesis. 

We develop an extensive catalogue of human DNA methylomes at base resolution to 

better understand the regulatory functions of DNA methylation beyond those of 

proximal promoter gene regions. CpG methylation status in normal cells points to 

locally active regulatory sites at super-enhancers, which are targeted by specific 

aberrant DNA methylation events in cancer, with putative effects on the expression of 

downstream genes. 
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2. Introduction 

The naked DNA sequence alone cannot explain the different cellular functions or 

phenotypes of cells and organisms with identical genetic sequences, such as the 

presence of different tissues within the same individual
609

, monozygotic twins
177

, and 

cloned animals
610

. This is even more pertinent when we try to explain the 

pathophysiology of the most common human diseases with their multifactorial causes. 

The existence of different chemical marks, such as DNA methylation and post-

translational modifications of histones, that regulate gene activity in the epigenetic 

layers has taken center stage in biology and medicine
611

. However, many studies have 

taken a biased approach in examining the regulatory sequences nearest to the 

transcriptional start sites of the studied genes and, with rare exceptions
179,314,612

, other 

potentially important regions have been neglected in attempts to address the role of 

epigenomics in tissue identity and disease. In this context, the existence of super-

enhancers
515

 or locus control regions
613,614

, large clusters of transcriptional enhancers 

that drive expression of genes that define cell identity, has been described. Most 

importantly, disease-associated variation is especially enriched in the super-enhancers 

of the corresponding cell types
615

, and new super-enhancers for oncogenes and other 

transforming genes have been identified in cancer cells
516-519

. Herein, we present human 

DNA methylomes at single-nucleotide resolution of normal and cancer cells to identify 

epigenetic shifts in super-enhancers associated with these diseases. 

3. Materials and Methods 

Whole genome bisulfite sequencing 

Cancer cell lines were obtained from the American Type Culture Collection (ATCC) 

and cultivated according to the provider’s recommendations. All primary samples 

analyzed in this study were approved for research use by the respective ethics 

committees and were evaluated by trained personal before entering this study. DNA 

from cell lines or fresh frozen healthy and tumor samples was extracted using Phenol: 

Chloroform: Isoamylalcohol (Sigma). 

We spiked genomic DNA (1 or 2 μg) with unmethylated λ DNA (5 ng of λ DNA per μg 

of genomic DNA) (Promega). We sheared DNA by sonication to 50–500 bp with a 
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Covaris E220 and selected 150- to 300-bp fragments using AMPure XP beads 

(Agencourt Bioscience Corp.). We constructed genomic DNA libraries using the 

TruSeq Sample Preparation kit (Illumina Inc.) following Illumina’s standard protocol. 

After adaptor ligation, we treated DNA with sodium bisulfite using the EpiTect 

Bisulfite kit (Qiagen) following the manufacturer's instructions for formalin-fixed and 

paraffin-embedded tissue samples. We performed two rounds of conversion to achieve 

>99 % conversion. We enriched adaptor-ligated DNA through seven cycles of PCR 

using the PfuTurboCx Hotstart DNA polymerase (Stratagene). We monitored library 

quality using the Agilent 2100 BioAnalyzer and determined the concentration of viable 

sequencing fragments (molecules carrying adapters at both extremities) by quantitative 

PCR using the Library Quantification Kit from KAPA Biosystems. We performed 

paired-end DNA sequencing (two reads of 100 bp each) using the Illumina HiSeq 2000. 

Sequencing quality was assessed using the Illumina Sequencing Analysis Viewer and 

FastQC software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). We 

ensured the raw reads used in subsequent analyses were within the standard parameters 

set by the Illumina protocol. Positional quality along the reads was confirmed to be 

QC > 30, and we excluded biases towards specific motifs or GC-enriched regions in the 

PCR amplification or hybridization. Sequence alignment and DNA methylation calling 

of WGBS reads were performed using Bismark V.0.7.4 software
594

. SAM/BAM and 

BED file handling was done using SAMtools
616

, BEDtools
595

 and Tabix
596

. Statistical 

analysis and graphical representation were performed with R
617

 and multicore and 

ggplot2 libraries. We smoothed the DNA methylation profiles using a previously 

described method for processing WGBS data
597

. Briefly, the method assumes that the 

DNA methylation profile is defined by a varying function of the genomic location that 

can be estimated with a local likelihood smoother. We used hg19 as the reference 

genome and retrieved genomic information from Biomart
598

 and GENCODE V.16 
618

. 

The TSS was considered to be the most upstream base of all the annotated transcript 

variants of the gene. The DNA methylation data sets for the two breast cancer cell lines 

(MDA-MB-468PT and MDA-MB-468LN) were previously published and are available 

under accession code GSE56763, Gene Expression Omnibus (GEO). 

  

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE56763
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Hypomethylated regions 

HMRs were identified as previously described
619

. Briefly, the raw methylated and 

unmethylated read counts of each CpG site, modeled with a beta-binomial distribution, 

provided the input for a hidden Markov segmentation model with two states (high and 

low methylation). Subsequently, a score was computed for each identified 

hypomethylated region as the number of CpG sites minus the sum of their methylation 

values. Further, the resulting regions were filtered on the basis of the 99
th

 percentile of 

the score obtained by randomly permuting CpG sites. Differential DNA methylation in 

super-enhancers was calculated as difference (δ) in HMR occupancy (regions 

overlapping HMRs) between two samples. 

In order to identify large HMRs, we followed a similar strategy to that described for 

identifying histone mark-defined super-enhancers
615

, identifying regions that are 

substantially larger than their normal counterparts. We initially extracted HMRs with an 

average smoothed DNA methylation level of <0.2 and sorted the regions by genomic 

size. Secondly, we scaled the size and sorting index to map them to values over a 0–1 

range. We then plotted the scaled region size (y axis) against the scaled region index (x 

axis) and examined a subset of the data (above the 90
th

 percentile of size, high-scaled 

region index) and fitted a linear model with the log of the scaled size as outcome and 

the logistically transformed scaled index as predictor. Using the fitted parameter values, 

we reverted the variable transformation and identified the region index for which the 

derivative of the curve was 1 (i.e., a line with slope of 1 was the tangent to the curve). 

HMRs above this point were defined as large HMRs. This procedure was performed for 

each sample separately. 

DNA methylation of super-enhancers 

Super-enhancer coordinates were obtained from Hnisz, D. et al., 2013
615

. For the set of 

genomic regions defined as super-enhancers, we extended to each side by 50 % of the 

total length to include equally sized flanking regions in downstream analyses. Further, 

we scaled the position of each region to the center (0), the edges of the original region 

(−1 and 1), and the edges of the extended region (−2 and 2). We then retrieved the 

smoothed methylation information for each CpG inside the super-enhancers and 

flanking regions. Differential DNA methylation levels inside super-enhancers and 
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flanking regions were analyzed by Fisher’s exact test, classifying CpGs as 

hypomethylated (<0.33 DNA methylation) or hypermethylated (>0.66 DNA 

methylation). Tissue-specificity of the DNA methylation profiles within super-

enhancers was determined by assessing the tissue-matched DNA methylation profile, as 

described above, and their characteristics in an unmatched tissue context. Differences in 

DNA methylation (flanking region versus super-enhancer region) between tissues were 

analyzed by ANOVA. 

WGBS-based tissue-specific hypomethylated super-enhancers were defined by 

identifying super-enhancers with an absolute HMR occupancy >20 % and a difference 

in HMR occupancy between the corresponding tissue and the remaining normal tissues 

>10 %. Each of these selected regions was considered as validated if the average beta 

value (HumanMethylation450 BeadChip) in the corresponding tissue samples was 

<33 % and the Student’s t-test FDR comparing the corresponding tissue samples against 

the remaining samples was <0.05. 

ChIP-sequencing data of the histone mark H3K27ac were retrieved from Hnisz, D. et 

al., 2013
615

. We computed the H3K27ac signal (ChIP versus input) and averaged the 

smoothed DNA methylation values in 50-bp windows. To define associations between 

histone signals and DNA methylation, we performed a Wilcoxon rank-sum test for the 

H3K27ac signal between hypomethylated (average <0.33) and hypermethylated 

(average >0.66) windows. Subsequently, we fitted a multivariate linear model with 

H3K27ac signal as response variable, DNA methylation status (hypo/hyper) and CpG 

density as predictors to assess the impact of CpG density on the association. 

Differential DNA methylation analysis in cancer was done by computing the proportion 

of super-enhancers covered by HMRs. For each cancer sample and super-enhancer, we 

calculated the difference in HMR occupancy (δ HMR; cancer versus corresponding 

normal tissue). In order to assess overall differences between normal and cancer 

samples in super-enhancers, we performed a paired t-test for the reduction in DNA 

methylation (DNA methylation flanking super-enhancers versus DNA methylation 

inside super-enhancers) between the normal and cancer samples. 
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Expression analysis 

The relationship between DNA methylation and gene expression was assessed using 

data obtained from RNA sequencing and public data sets. Raw RNA sequencing 

FASTQ reads from the breast cancer cell lines (MCF10A, MDA-MB-468PT and MDA-

MB-468LN) were aligned against the human hg19 reference sequence using the TopHat 

read-mapping algorithm
620

. Conversion to BAM format was carried out using 

SAMtools
616

. Counts of alignments for each gene using BAM files were generated 

using BEDtools multicov
595

. In a subsequent analysis, the non-transformed cell line 

MCF10A was considered as control. Data from primary tumor samples were obtained 

from TCGA data portal (https://tcga-data.nci.nih.gov/tcga/). The analyzed samples 

included 110 normal breast samples and 30 matched invasive breast carcinomas 

(BRCAs), 12 normal colon and 258 adenocarcinomas (COADs), and 57 matched 

normal lung and adenocarcinomas (LUADs). To study the association of super-

enhancer DNA methylation and gene expression, we obtained TCGA RNA-sequencing 

data (level 3) at the gene level and performed a Spearman’s correlation test. Correlation 

analysis of gene expression and differential DNA methylation (normal versus cancer, 

δ > 0.1) were performed using a Spearman’s correlation test. Alternatively, we assigned 

the super-enhancers to the closest gene TSS, excluding those super-enhancers without a 

TSS within 1 Mb. We fit a log-linear model with RNA-Sequencing by Expectation 

Maximization-normalized gene expression as the response variable and average super-

enhancer DNA methylation as predictor. The association between differential super-

enhancer DNA methylation and gene expression was determined by fitting a linear 

model with the log fold-change of gene expression (cancer versus normal) as response 

and the δ HMR occupancy for all the super-enhancers gaining DNA methylation (δ 

HMR occupancy >0 %) or by Spearman’s correlation test. 

For microRNA quantification the Taqman microRNA Reverse Transcription kit and 

microRNA specific Taqman assays (Applied Biosytems) were used. The expression 

level was evaluated by real-time quantitative PCR using the 7900HT Fast Real-Time 

PCR System (Applied Biosystems). Expression values are reported as relative 

microRNA expression levels normalized to RNU6B expression. 

  

https://tcga-data.nci.nih.gov/tcga/


Aberrant super-enhancer DNA methylation in human cancer 

127 
 

Infinium HumanMethylation450 BeadChip 

DNA from fresh frozen healthy and tumor samples was extracted using 

phenol:chloroform:isoamylalcohol (Sigma). All DNA samples were assessed for 

integrity, quantity and purity by electrophoresis in a 1.3 % agarose gel, picogreen 

quantification, and nanodrop measurements. All samples were randomly distributed into 

96-well plates. Bisulfite conversion of 500 ng of genomic DNA was done using the EZ 

DNA Methylation Kit (Zymo Research), following the manufacturer’s instructions. 

Bisulfite-converted DNA (200 ng) were used for hybridization on the 

HumanMethylation450 BeadChip (Illumina). 

The HumanMethylation450 BeadChip data were processed using the Bioconductor 

minfi package
621

. We performed the “llumina” procedure that mimics the method of 

GenomeStudio (Illumina); specifically, it performs a background correction and a 

normalization taking as a reference the first array of the plate. We removed probes with 

one or more single nucleotide polymorphisms (SNPs) with a minor allele frequency 

(MAF) >1 % (1000 Genomes) in the first 10 bp of the interrogated CpG, based on 

Chapuy, B. et al., 2013
622

. In order to minimize batch effect, we used ComBat 

normalization
623

. The methylation level (β) for each of the 485,577 CpG sites was 

calculated as the ratio of methylated signal divided by the sum of methylated and 

unmethylated signals plus 100. After the normalization step, we removed probes related 

to X and Y chromosomes. All analyses were performed in human genome version 19 

(hg19). 

We identified HMRs within super-enhancer-overlapping probes (≥3) on the BeadChip 

and computed the average DNA methylation level for super-enhancers (HMR located 

probes) per sample (tissue-wise). Differences in DNA methylation levels at 

hypomethylated super-enhancer regions were determined using Student’s t-test 

(FDR < 0.05). Selected super-enhancers were hierarchically clustered using Manhattan 

distance and median clustering algorithms. Finally, we assessed the BeadChip-based 

CpG methylation levels of common differentially methylated super-enhancers and 

performed hierarchical clustering using Canberra distance and Ward clustering 

algorithms with CpG-level data. The DNA methylation data for lung adenocarcinomas 

and lung squamous cell carcinomas were previously published and are available under 

accession code GSE39279, Gene Expression Omnibus (GEO). 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39279
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The DNA hypomethylation observed at cancer-related super-enhancers was validated 

using data obtained from TCGA data portal (https://tcga-data.nci.nih.gov/tcga/). The 

analyzed samples included 41 matched normal and colorectal cancer samples. We 

obtained TCGA DNA methylation data from the HumanMethylation450 BeadChip 

(level 3) and averaged DNA methylation levels per super-enhancer containing ≥3 

probes in the hypomethylated region. Significant differences between normal and 

cancer samples were assessed using a Wilcoxon test, with values of p < 0.01 considered 

to be significant. 

CNV analysis 

To test for biases in DNA methylation analysis due to CNV in cancer samples, we 

applied two independent approaches based on DNA methylation or SNP array data. For 

the 714 primary cancer samples analyzed using the HumanMethylation450 BeadChip, 

we performed a copy number analysis comparing cancer and normal samples using 

Bioconductor and the CopyNumber450K R package for CNV inference using the 

Illumina 450 k DNA methylation assay. We defined a region to be aberrant if >50 % of 

the region presented a significant copy number alteration as reported by the software 

(FDR < 0.05). Alternatively, for TCGA data set of colorectal adenocarcinomas
624

, we 

used level 3 CNV data and defined a region to be aberrant if >50 % of the super-

enhancer region presented copy numbers <1.5 or >2.5. For the WGBS cancer samples, 

we hybridized genomic DNA on the HumanOmni5 SNP array (Illumina) and performed 

a copy number analysis based on GenomeStudio software (V.2011.1) routines for the 

HumanOmni5-4v1_B chips. 

Ethics 

The Clinical Research Ethics Committee of the Bellvitge University Hospital approved 

the current study under the reference PR055/10. All patients who supplied the primary 

tumor samples have given written informed consent. The experimental methods comply 

with the Helsinki Declaration. 

Availability of supporting data 

The bisulfite sequencing data sets supporting the results of this article are available in 

the NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra) under 

https://tcga-data.nci.nih.gov/tcga/
http://www.ncbi.nlm.nih.gov/sra
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accession number SRP033252 and to the NCBI Gene Expression Omnibus (GEO; 

http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE52272). All 

HumanMethylation450 BeadChip data from this study are available in GEO under 

accession number GSE52272. 

Functional enrichment analysis 

Gene Ontology (GO) enrichment analysis was performed using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID; v6.7)
625,626

. The results 

were corrected for multiple hypotheses testing using the Bonferroni p-value adjustment 

method.  

 ChIA-PET Data Integration 

We retrieved MCF7 Pol2 ChIA-PET data from Li, G. et al., 2012
627

 (4 replicates) and 

kept anchors that were present in >1 replicate and where any of the anchor pairs 

overlapped a gene promoter (consensus anchor regions). Then, super-enhancers (SEs) 

not overlapping promoters were assigned to consensus ChIA-PET anchor regions. 

Finally, we assessed the association between SE DNA methylation and target gene 

expression with a Spearman’s correlation test using TCGA data from normal breast 

samples
628

. 

5-Hydroxy DNA Methylation Profiling  

Genomic DNA was quantified using Quibit fluorometer (Qubit® dsDNA BR Assay 

Kit). 4 µg of DNA in 150µL were sheared using g-TUBE (Covaris, Inc.) to 10kbp 

fragments, by centrifugation at RT for 1 min at 6,000 rpm (Eppendorf 5424).  g-TUBEs 

were then inverted in the centrifuge, and centrifuged again for 1 min at 6,000 rpm (RT). 

Sheared DNA was recovered from the screw-cap, and processed through GeneJET 

purification kit to reduce volume from 150µL to 40µL. GeneJET columns were 

prepared with 50 mM NaOH twice, followed by Binding Buffer.  Once GeneJET 

columns were prepared, 150µL of sheared DNA were processed on GeneJET columns, 

followed by 3 washes with 80% acetonitrile.  DNA was recovered from the columns 

using 40µL of pre-warmed ultra-pure water (65°C). Concentrated sheared DNA was 

then quantified using Qubit, and all samples were spiked-in with 0.5% (w/w) of 

Digestion Control according to the quantification of the DNA. 

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE52272
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE52272
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Each sample was divided in two aliquots of 20µL each, and were processed following 

TrueMethyl 24 Kit User Guide (Version 3.1 July 2013, CEGX, UK).  The aliquot 

intended for the oxidative bisulfite conversion (OxBs), underwent a pre-cleaning step, 

using BioRad P6 Micro-Bio spin columns to remove possible contaminants that could 

interfere the oxidation reaction.  Then both aliquots were denatured for 30 min at 37°C 

with Denaturing Solution provided in the kit, and immediately kept on ice.  To each 

aliquot intended for OxBs, 1µL of Oxidant Solution was added, while the aliquots 

intended for normal bisulfite conversion (Bs) 1µL of water was added instead.  Samples 

were incubated for 30 min at 40°C, and centrifuge 10 min at 14,000 x g, to remove 

precipitates.  Supernatant was then used for bisulfite conversion process by adding 5µL 

of Bisulfite Additive and 170µL of Bisulfite Reagent, and incubated 2 cycles in a PCR 

machine (5 min @ 95°C; 20 min @ 60°C; 5 min @ 95°C; 40 min @ 60°C; 5 min @ 

95°C; 165 min @ 60°C). 

Bisulfite converted DNA was clean-up by pelleting precipitated salts, then subjected to 

a desulfonation reaction and finally clean-up again using Amicon Ultra 0.5 30kDa filter 

columns as indicated on the protocol with the modification on step 4.15 to increase the 

centrifugation time to 65 min, as indicated on TrueMethyl workflow for 450k Analysis 

(CEGX Version 1.1 December 2013). Both aliquots were quantified using Qubit ssDNA 

Assay Kit and 160 ng of bisulfite converted DNA were processed following standard 

protocol for HumanMethylation450 microarray. 

Raw methylation data (idats) were background corrected and normalized using 

Methylation module (v1.9.0) of Illumina GenomeStudio software (V2011.1) in order to 

compute β-values. Hydroxymethylation levels were computed by subtracting β-values 

resulting from OxBs aliquot (5hmC+5mC) to the β-values from Bs aliquot (5mC). 

Transcription Factor Occupancy Analysis 

We used the ENCODE transcription factor binding site (TFBS) data available at UCSC, 

comprising 91 cell lines and 188 antibodies
497

. Given a sample and its corresponding 

super-enhancer (SE), we extended each SE 50 % of its size on each direction and split 

the resulting regions in 60 windows according to the relative distance to the center of 

the SE. We then computed the average methylation and the proportion covered by any 

of the TFBS (occupancy) among the window for each window and SE. As the 
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distribution of both methylation and TFBS occupancy was bimodal, we categorized 

these values using a cutoff of 50 % and performed a Fisher's exact test separately for the 

windows inside the SE. 

Transcription Factor Enrichment Analysis 

The statistically over-represented transcription factor binding sites (TFBS) in a set of 

sequences were compared with a background set using the CLOVER algorithm (Cis-

eLement OVERrepresentation)
629

 employing the following procedure: the JASPAR 

2009 CORE collection of TFBS pattern matrices
630

 were downloaded and converted to 

CLOVER format using PERL scripts, then the subset of sequences to search for over-

represented TFBS and the background of sequences with which to compare them were 

specified. Specifically, we defined the hypomethylated colon cancer-related SE regions 

as the target set and the entire set of colon cancer-related SE loci as the background set. 

CLOVER compares each motif in turn with the sequence set and calculates a raw score 

that indicates how well represented the motif is in the subset. CLOVER also determines 

the statistical significance of the raw scores. Therefore, for the background set, 

CLOVER repeatedly extracts random fragments matched by length to the target subset 

of sequences, and calculates raw scores for these fragments. The proportion of times 

that the raw score of a fragment set exceeds or equals the raw score of the target set, is 

taken as the probability, P, that the motif's presence in the target set can be explained by 

chance alone. For each motif, a separate probability is calculated for each background 

file. Values of P<0.05 were considered to be statistically significant. 

Chromatin Immunoprecipitation (ChIP) to Assess FOXQ1 Occupancy at Binding 

Sites and Super-enhancers Regions 

Previous to ChIP, FOXQ1 monoexonic cDNA (lacking UTR regions) was amplified 

from HCT116 genomic DNA using specific primers with end adaptors containing 

EcoRI and BamH1 sequences, a Kozak sequence, and the N-terminal flag-tag 

(DYKDDDDK). The PCR products were cloned in bacteria, polymorphisms and 

mutations verified by Sanger-sequencing, and ligated into pLVX-IRES-ZsGreen1 

plasmid from Clontech using EcoRI and BamH1 restriction enzymes (refseq: 

NM_033260). 10 µg of each plasmid were mixed with 7.5 µg of PS-PAX2 and 2.5 µg 

of PMD2.G plasmid in 1 ml jetPRIME buffer and 50 µl of jetPRIME reagent were 
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added (114-15, Polyplus transfection). After 20 min of RT incubation, the mix was 

diluted over a 10 cm disk containing 10 ml of DMEM and 293T cells at 80% 

confluence. After 48 h, medium containing viruses was recovered and 45-µm filtered. 3 

ml of this medium plus polybrene (8 µM) was added to six-well plates containing the 

host cells at 80% confluence. After 48-72 h, cells were expanded and green positive 

cells were isolated by flow cytometry. Ectopic expression of FOXQ1 protein was 

evaluated by western blot using anti-Flag-HRP antibody (A8592, Sigma). 

For ChIP, fresh cultures (1.5-2.0 x 10
7
 cells) were cross-linked with 1% formaldehyde 

for 8 min and the reaction was blocked by adding glycine to a final concentration of 

0.125 M. After washing twice with ice-cold PBS, cell pellets were resuspended in 1ml 

of Farnham lysis buffer (PIPES 5mM pH8.0, KCl 85mM, NP-40 0.5%) supplemented 

with protease inhibitor cocktail (Complete EDTA-free, Roche) and kept on ice for 10 

min. The nuclear pellet was then resuspended in 1ml RIPA buffer (Tris-HCl 50 mM 

pH8.0, EDTA 20 mM, SDS 1%) supplemented with protease inhibitor cocktail 

(Complete EDTA-free, Roche) and kept on ice for 10 min. Samples were subsequently 

sonicated with S220 Covaris ultrasonicator for 18 min (peak incident power: 75W, duty 

factor: 10%, cycles per burst: 200). The chromatin size of the fragments obtained was 

250-500 bp. Samples were diluted with dilution buffer (SDS 0.01%, Triton X-100 1.1%, 

EDTA 1.2 mM, NaCl 165 mM, Tris-HCl 16.7 mM pH 8.1). Magnetic beads were used 

for pre-clearing diluted chromatin (overnight at 4ºC) and for incubation with anti-Flag 

antibody (F1804, Sigma). Non-related mouse IgG antibody (12-371B, Millipore) was 

used as a negative control. The bead-antibody complexes were then incubated with pre-

cleared chromatin for 8 h at 4ºC with rotation. The immune complexes were washed at 

4ºC in rotation: twice with low-salt buffer (Tris-HCl 50 mM pH 8.0, NaCl 150 mM, 

SDS 0.1%, NP-40 1%, EDTA 1 mM, deoxycholate Na 0.5%), twice with high-salt 

buffer (Tris-HCl 50 mM pH 8.0, NaCl 500 mM, SDS 0.1%, NP-40 1%, EDTA 1 mM, 

deoxycholate Na 0.5%), twice with LiCl buffer (Tris-HCl 50 mM pH 8.0, LiCl 250 

mM, SDS 0.1%, NP-40 1%, EDTA 1 mM, deoxycholate Na 0.5%) and once with TE 

Buffer (Tris-HCl 10 mM pH 8.0, EDTA 0.25 mM), 2 min each. Cross-linked chromatin 

was then eluted from the magnetic beads by adding elution buffer (NaHCO3 100 mM, 

SDS 1%). Samples were de-crosslinked overnight at 65ºC and incubated with proteinase 

K at 50 µg/ml final concentration for 1 h. Finally, DNA was purified with a PCR 



Aberrant super-enhancer DNA methylation in human cancer 

133 
 

purification kit (28106, Qiagen). The following SybrGreen gene-specific primer pairs 

were used: 

MYC forward, 5'- GGATTTTTCCAATGGACACG-3', 

MYC reverse: 5'- AAACAAAGCCAGACCTCAGC-3'; 

GPR forward: 5'- TCTTCTCATTCTGGGTCCACT-3', 

GPR reverse: 5'- GGAAGTCAAAGATTCCTCAAGCA-3'; 

RNF forward: 5'- GCTTCCGTTTCAGAAAGCCA-3', 

RNF reverse: 5'- TCCTCTTCTCTGCCCAATCA-3'. 

Primer amplification efficiency and primer dimer formation was tested previously to 

ChIP. Western blot from ChIP pull downs were run to evaluate the presence of FOXQ1. 

ChIP data are presented as percentage of input ± SEM, n ≥ 3. Significance of Student’s 

t-tests (equal variance, one tail) is shown. 

Experimental Validation of Transcription Factor Effects 

For qRT-PCR experiments, total RNA from the colorectal cancer cell line SW1116 

transfected with shRNAs against the respective transcription factors or a scrambled 

control was extracted using MAXwell (Promega) and retro-transcribed using the 

ThermoScript™ RT–PCR System (Invitrogen). Gene expression was determined by 

quantitative real-time PCR using SYBR Green (Applied Biosystems) according to the 

manufacturer’s recommendations. Target gene expression levels were normalized to 

two housekeeping genes (PPIA and B2M).  

Cell proliferation was determined for the colorectal cancer cell line SW1116 transfected 

with shRNAs against the respective transcription factors or a scrambled control by a 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The cell 

viability was quantified over 6 days, staining the cells with MTT for 3 hours and 

blocking the reaction adding lysis buffer (HCl 20 mM, acetic acid 2.5%, SDS 20%, 

dimethylformamide 50%, pH 4.7). Measurements were performed at 560nm after 

overnight incubation at 37ºC. 
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 Super-enhancer disruption with JQ1 

After overnight incubation, the colorectal cancer cell lines HCT116 and SW1116 were 

treated with a 2-fold dilution series of JQ1 (A1910, Apexbio) or vehicle alone (DMSO 

at final concentration 0.2%). After 48h, cell viability was determined by a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. To determine 

sublethal concentrations, we calculate the EC50 for JQ1 for both cell lines using the 

mean of four replicates in respect to vehicle treated cells. Viability curves were 

generated using a sigmoidal dose-response and a variable slope model (GraphPad Prism 

5 software) from which the EC50 values were extracted. To investigate the effect of JQ1 

treatment at the DNA methylation level, HCT116 and SW1116 cells were treated with a 

sub-lethal JQ1 concentration (10 μM) for 48h. After 24h, culture medium and drug were 

renewed and cells were harvested after 48h. RNA and DNA were extracted to evaluate 

mRNA expression level changes of MYC, RNF43 and GPRC5A and for DNA 

methylation analysis on the Infinium HumanMethylation450 BeadChip, respectively. 

4. Results and Discussion 

We performed whole genome bisulfite sequencing (WGBS) to obtain unique DNA 

methylation data sets for five normal tissues and eight associated cancer samples (Table 

6.1). Normal samples (n = 5) included brain, blood (CD19+), breast, lung and colon 

specimens. In order to enable the analysis of DNA methylation variance from different 

perspectives, we produced references data sets for cancer samples that involved both 

primary tumors (n = 2) and cancer cell lines (n = 6). These included a donor-matched 

primary colon triplet (normal tissue, primary cancer, liver metastasis) and matched 

primary and metastasis breast cancer cell lines, enabling us to analyze changes during 

tumor progression. The epigenetic peculiarities that could be present in cancer cell lines 

were addressed through replication experiments in an additional set of 78 normal tissue 

samples and 714 primary tumors using the HumanMethylation450 BeadChip (Table 

6.2). The obtained data were also validated using the DNA methylation microarray 

profiles available for 208 normal samples and 675 primary tumor samples in The 

Cancer Genome Atlas (TCGA) projects (Table 6.2)
43,628,631

. 
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Aligning uniquely mapping bisulfite sequencing reads (mean ~480 million reads per 

sample) of the original 13 samples undergoing whole genome single-nucleotide 

resolution analysis resulted in a median genomic coverage of 11.1× (14.1× CpG 

coverage) per sample. Consistent with previous reported results, apart from bimodal 

DNA methylation levels at promoter sites, the genomes presented high methylation 

levels, which were globally reduced in cancer samples (Table 6.3 and Fig. 6.1)
314,612

. 

To estimate the relationship between super-enhancers and DNA methylation levels, we 

determined DNA methylation profiles for enhancer regions within their respective 

tissue types. From the super-enhancers previously described in our normal tissue types 

through the histone modification H3K27ac (identified as a superior and sufficient mark 

for the identification of super-enhancers
615

, we could examine 99.3 % (5128 of 5163; 

>50 % CpGs covered; Table 6.3) using our WGBS data. We found significant 

enrichment of unmethylated DNA sequences within the super-enhancers compared with 

the flanking genomic regions (Fisher’s exact test, odds ratio (OR) 5.6, p  < 0.001), 

supporting the relevance of the features in the here interrogated context. In particular, 

the edges of the enhancers were CpG-unmethylated, clearly marking the boundaries of 

the regulatory regions (Fig. 6.2a,b), a phenomenon that was consistent throughout the 

analyzed tissue types (Fig. 6.3) and that could not be observed in traditional enhancers 

(Fig. 6.4a,b)
615

. Moreover, super-enhancers were significantly more hypomethylated 

than traditional enhancers (Fisher’s exact test, OR 1.8, p < 0.001), further supporting 

DNA methylation to specifically indicate functionality in this enhancer subtype. 

The fact that super-enhancer edges show lower DNA methylation levels compared with 

their center could be related to an enrichment of transcription factor binding sites at the 

extreme parts of the regions (Fisher’s exact test, OR 5.33, p = 1.0 × 10
−11

; Fig. 6.4c)
632

. 

Indeed, DNA hypomethylation and transcription factor occupancy revealed a significant 

relationship (Fisher’s exact test, OR 11.3, p = 2.2 × 10
−16

; Fig. 6.4d), consistent with 

previous reports describing a co-dependency of both regulatory mechanisms
633,634

. 

The extent of tissue-specific DNA methylation differences in the super-enhancer 

regions was low, with only 12.6 % (644 out of 5111) of them showing CpG methylation 

differences from different normal tissues (δ hypomethylated regions (HMRs) occupancy 

>10 %; Fig. 6.5a and Supplementary Table 6.1). We assessed variance in super-

enhancer DNA methylation profiles by differential analysis of HMRs, focal sites of low 
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DNA methylation levels that mark active regulatory loci
619,635,636

, to account for the 

high heterogeneity at the large genomic regions represented by super-enhancers. 

Remarkably, tissue-specific HMRs at breast and blood super-enhancers were 

significantly enriched in specific transcription factor binding within the respective 

tissues, as measured by the occupancy of ten commonly profiled factors determined in 

CD19+ (GM12878; Fisher’s exact test, OR = 2.81, p < 0.001) and breast cells (MCF7; 

Fisher’s exact test, OR = 1.64, p = 0.007)
632

. Moreover, super-enhancers with tissue-

specific DNA methylation levels in breast and brain samples were enriched at promoter 

regions compared with non-specific super-enhancers, in contrast to previous results that 

suggest tissue-specific DNA methylation to be enriched in cis-elements (Fisher’s exact 

test, OR 6.64, p < 0.001 and OR 1.74, p = 0.018, respectively; Fig. 6.5b)
609

. The sample 

with the greatest DNA methylation difference compared with normal tissues was that of 

the CD19+ cell-related super-enhancers (ANOVA, p < 0.001; Fig. 6.5c), which was the 

only representative of a non-solid tissue type. It is of note that the presence of tissue-

specific DNA methylation in this minor fraction of super-enhancers could be validated 

by genome-scale analysis using DNA methylation microarrays (HumanMethylation450 

BeadChip). Of the normal tissue-derived super-enhancers, 75.5 % (486 of 644) were 

represented by at least three probes, in a unique set of 78 normal samples (Table 6.2), 

representing the analyzed tissue types, of which 71.4 % (347 of 486) showed significant 

difference between the respective tissue types (Student’s t-test, false discovery rate 

(FDR) < 0.05; Fig. 6.5d and Supplementary Table 6.2). As examples of super-

enhancer tissue-specific DNA methylation we can cite the genes encoding the RNA-

binding protein QKI (involved in myelinization and oligodendrocyte differentiation), 

which is unmethylated in white brain matter but heavily methylated in all other normal 

tissues (Fig. 6.6a), and lymphoblastic leukemia-associated hematopoiesis regulator 1 

(LYL1; plays a role in blood vessel maturation and hematopoiesis), which is 

unmethylated in CD19+ cells but hypermethylated in all other normal tissues (Fig. 

6.6b). 

From the 5111 super-enhancers studied we established four categories based on their 

average DNA methylation levels (Fig. 6.2b,c). Remarkably, we determined striking 

differences between DNA methylation profiles at super-enhancers, ranging from fully 

hypermethylated to completely unmethylated (Fig. 6.2d). Moreover, focal 

hypomethylated regions pointed to spatial differences in DNA methylation within 
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super-enhancers, suggesting local variability in their activity. Accordingly and in 

contrast to previous assumptions, the focal variability of the here studied epigenetic 

mark supports the action of independent regulatory units and challenges the conjoint 

activity of enhancer clusters for this subset of super-enhancer regions. 

From an epigenetic perspective, the CpG unmethylated status was significantly 

correlated with H3K27ac occupancy (Spearman’s correlation test, rho 0.535, p < 0.001; 

Fig. 6.2e) and, to a lesser extent, with H3K4me1 (Spearman’s correlation test, rho 

0.278, p < 0.001), further supporting the former mark as sufficiently bookmarking 

super-enhancer functionality. This association was independent of the local CpG 

density, suggesting a sequence-independent connection between the two epigenetic 

marks (multivariate linear model, p < 0.001; Fig. 6.7). Most importantly, unmethylated 

status was significantly associated with increased transcriptional activity of the 

regulated target genes, indicating that DNA methylation levels at these sequences may 

be of value as surrogate marks of super-enhancer functionality (Spearman’s correlation 
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test, rho −0.77, p < 0.001; Fig. 6.2f). Although, functional DNA methylation variance at 

enhancer sites has been reported previously
637-640

, we observed a stronger effect of 

differential DNA methylation on gene expression levels of super-enhancer-related 

targets (Fig. 6.8a). It is of note that the increased correlation between DNA methylation 

and gene expression at super-enhancers compared with traditional enhancers was 

observed for enhancer sites overlapping promoter regions and those distal to the target 

gene transcription start site (TSS), suggesting an elevated effect of differential super-

enhancer DNA methylation independent of the distance to its target (Fig. 6.8a). 

Moreover, DNA methylation levels at super-enhancers overlapping promoters showed 

significantly higher correlation at regions flanking the proximal (±2 kb of the TSS) 

promoter (Spearman’s correlation test, rho 0.26 versus 0.18), further suggesting that 

enhancer-specific dynamics drive gene regulation. It is noteworthy that we did not 

observe a correlation between super-enhancers and target promoter-related CpG island 

DNA methylation levels (Spearman’s correlation test, rho 0.0001, p  = 0.99), although 

both genomic features independently correlated significantly with gene expression 

(Spearman’s correlation test, rho 0.31, p < 0.001 and rho 0.16, p < 0.001, respectively), 

suggesting an independent function of both regulatory elements. Furthermore, the effect 

of enhancers on gene expression was closely related to the enhancer size, with DNA 

methylation levels at super-enhancers presenting the highest correlation with target gene 

expression compared with smaller sized counterparts (Fig. 6.8b). 

For cis-acting super-enhancers, we observed that the assignment of the closest gene as 

target resulted in better correlations between super-enhancer DNA methylation and gene 

expression than a chromatin conformation-based method (ChIA-PET Pol2 in MCF-7 

cells, Spearman’s correlation test, rho −0.048, p = 0.4; Fig. 6.8c)
627

. However, both 

strategies clearly include falsely assigned enhancer–target pairs and more suitable 

methodologies have yet to be defined. 

4.1 Aberrant DNA methylation profiles of super-enhancers in human cancer 

Considering the association between DNA methylation status and super-enhancer 

activity in normal tissues, we wondered whether the observed epigenetic pattern was 

significantly altered in human cancer. We observed that 14 % (727 out of 5111) of the 

super-enhancers studied underwent CpG methylation changes in their respective human 

tumor types, e.g., normal breast versus breast cancer cell lines (Fig. 6.9a). The most  
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common DNA methylation shift was the loss of CpG methylation in the cancer sample, 

which was noted in 75.4 % (548 of 727) of cases, whilst 24.6 % (179 of 727) of super-

enhancers gained DNA methylation across the eight tissue-matched cancer samples (δ 

HMR occupancy >25 %; Fig. 6.9a; Fig. 6.10a and Supplementary Tables 6.3 and 

6.4). Interestingly, the hypomethylation events were rather unspecific, as they were 

associated with the global loss of DNA methylation usually observed in cancer samples 

(paired t-test, p > 0.05)
314,612,641

, the only notable exception being colorectal tumors, in 

which they were significantly super-enhancer locus-specific (average flanking regions 

versus super-enhancer reduction 29.8 % [tumor] and 33.9 % [metastasis], paired t-test, 

p < 0.001; Fig. 6.10b and Supplementary Table 6.4). Thus, to determine functional 

epigenetic alterations, we decided to initially focus on the hypermethylated events, 

which were enriched in genes associated with transcriptional and metabolic processes 

and angiogenesis (FDR < 0.01; Supplementary Table 6.5). Importantly, 

hypermethylation events were also replicated using DNA methylation microarray 

analyses in a unique cohort of 714 primary cancer samples (Table 6.2 and Fig. 6.9b), 

where 58.1 % (68 of 117) of the interrogated DNA hypermethylation events at super-

enhancers were confirmed (Student’s t-test, FDR < 0.05; Fig. 6.9c; Supplementary 

Table 6.6). These results further suggest that the hypermethylation events observed in 

the cancer cell line models are mirroring altered DNA methylation profiles at super-

enhancer regions in primary tumors. Hypermethylated super-enhancers in cancer 

included genes previously related to cellular transformation (e.g., CIC, FOXA2, FOXP1, 

RUNX1 and TBX3)
642

. Importantly, we excluded that copy number variations (CNVs) 

have confounded our analysis of the primary cancer samples by detecting significant 

differences in DNA methylation levels between normal and CNV samples in only a 

very minor fraction of the super-enhancers (4.3 %, 5/117; Student’s t-test, FDR < 0.05; 

Supplementary Table 6.6). 

It is of note that, using oxidative bisulfite (ox-BS) treatment coupled with DNA 

methylation microarray analyses, we could exclude the gain of DNA methylation 

observed in cancer to be due to an increase of 5-hydroxy methylation (5-hmC), a 

specific cytosine modification that confounds with 5-methylation (5-mC) in bisulfite 

(BS)-based analyses and found to be enriched in traditional enhancer regions (Fig. 

6.11)
643

. In order to test a significant contribution of the 5-hmC to the methylation gain 

in super-enhancers, we compared the methylation values obtained from BS-treated  
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against ox-BS-treated cancer samples, enabling us to estimate the 5-hmC levels
644

. With 

the alternative hypothesis being that the ox-BS values were greater than 0, we did not 

observe a significant presence of 5-hmC in any cancer sample (paired one-tailed 

Wilcoxon test). 

To further elucidate the functional consequences associated with the identified cancer-

specific super-enhancer DNA methylation shifts, we investigated the impact of the 

tumor-associated gains of super-enhancer DNA methylation on gene expression. We 

first used a breast cancer model that included the paired breast cancer cell lines MDA-

MB-468PT (derived from the primary tumor) and MDA-MB-468LN (derived from a 

lymph node metastasis) and the untransformed immortalized breast epithelial cell line 

MCF10A, associating differential gene expression (RNA sequencing, RNA-seq) with 

super-enhancer DNA methylation levels. As has been observed for the proximal 
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regulatory gene regions, where a general repressive effect of DNA methylation is 

widely recognized
645

, we found an association between DNA methylation gain in breast 

super-enhancer regions and gene repression of the associated genes for both MDA-MB-

468PT (Spearman’s correlation test, rho −0.25, p = 0.026) and MDA-MB-468LN 

(Spearman’s correlation test, rho −0.3, p = 0.002; Fig. 6.9d) cell lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

We extended these observations to primary breast tumors from the TCGA
628

, whose 

expression patterns have also been determined by RNA-seq. We confirmed the 

significant association between the DNA methylation gains of super-enhancers 

identified in our breast cancer cell line data set and gene repression observed in the 

matched TCGA breast cancer samples (Spearman’s correlation test, rho −0.24, p = 0.01; 

Fig. 6.9e). Interestingly, the super-enhancers that became hypermethylated in breast 
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cancer were those that, in normal breast epithelial cells, were the most enriched in the 

H3K27ac histone mark (Spearman’s correlation test, rho 0.2, p < 0.001; Fig. 6.9f), 

which defines these particular distal regulatory regions
515,517,615

, and the H3K4me1 

enhancer mark (Spearman’s correlation test, rho 0.2, p  < 0.001). Remarkably, the most 

hypermethylated super-enhancers had also the highest level of expression for the 

respective associated genes in normal breast epithelial cells (linear slope 1.23, 

p < 0.001; Fig. 6.9g).  

We were able to validate the link between cancer-specific super-enhancer 

hypermethylation and the transcriptional inactivation of the corresponding genes 

beyond the breast tumor type. In the lung tumorigenesis samples from the H1437 (lung 

adenocarcinoma) and H157 (lung squamous cell carcinoma) cancer cell lines, we found 

evidence that lung super-enhancer gain of DNA methylation was associated with the 

downregulation of the target genes (linear slope −3.06, p < 0.001 and −2.09, p = 0.004, 

respectively; Fig. 6.12a,b) determined by publically available expression 

microarrays
646

. We also extended these findings to primary lung adenocarcinoma and 

lung squamous cell carcinoma tumors from the TCGA
631

, in which expression of the 

candidate genes originates from RNA-seq experiments. In this setting, we observed a 

significant association between lung super-enhancer hypermethylation identified in our 

lung cancer cell lines and gene downregulation found in the matched primary lung 

cancer samples (Spearman’s correlation test, rho −0.19, p = 0.012 and rho −0.25, 

p < 0.001, respectively; Fig. 6.12c,d). The significant association between cancer-

specific DNA methylation of super-enhancers and gene repression was also noted in the 

glioblastoma cell line U87MG (Spearman correlation test, rho −0.26, p < 0.001; Fig. 

6.12e), in which we performed an expression microarray experiment. Thus, the results 

overall suggest that a tumor-related gain of DNA methylation in super-enhancers has a 

transcriptionally repressive effect on the corresponding related genes. 

We next considered the commonality among different tumor types within super-

enhancer DNA methylation changes, and the type of genes and pathways affected by 

these aberrant epigenetic shifts. We first observed that within regions of commonly 

hypomethylated super-enhancers in normal contexts, the cancer samples (Table 6.2) 

clustered by tumor type (Fig. 6.13a), a phenomenon we previously identified for DNA 

methylation events in proximal promoters among distinct human tumors
647

.  
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 Interestingly, despite the clear presence of super-enhancer DNA methylation that is 

associated with the cancer type, there are hypermethylated super-enhancers shared by 

common epithelial tumors such as the breast and lung samples (Fig. 6.14a). This is the 

case for the super-enhancer of the tumor suppressor microRNA MIRLET7, where 

hypomethylation of the super-enhancer was diminished by a gain of CpG methylation in 

a fraction of the regulatory region (Fig. 6.13b,c; Fig. 6.14b,c). It is of note that the large 

highly hypomethylated super-enhancer regions displayed focal gains in DNA 

methylation in cancer, suggesting that distinct segments might exhibit specific functions 

in healthy and cancer contexts. Consistent with the suspected regulatory function, 

hypermethylation of the MIRLET7-associated super-enhancer region was associated 

with transcriptional silencing of MIRLET7B and MIRLET7A3, two family members 

coded within the affected pri-microRNA (Fig. 6.14d). Moreover, microRNAs 

MIRLET7B and MIRLET7A3 were repressed in primary breast carcinomas (TCGA
628

; 

Wilcoxon test, p = 0.001 and p = 0.033, respectively) and lung adenocarcinomas 

(TCGA
631

; Wilcoxon test, p < 0.001 and p < 0.001, respectively) (Fig. 6.14e,f) and 

hypermethylation at super-enhancers was significantly correlated with microRNA 

repression in breast carcinomas (Spearman correlation test, rho −0.4 and −0.42, 

p < 0.001 and p < 0.001, respectively) and lung adenocarcinomas (Spearman correlation 

test, rho −0.47 and − 0.3, p < 0.001 and p < 0.001, respectively) (Fig. 6.13d,e). 

4.2 Cancer-specific super-enhancers coincide with regional hypomethylation 

Until now we have focused our attention on those sequences described as being super-

enhancers that ensure cell and tissue identity in normal tissues
515,615

. However, a new 

class of super-enhancer sequences has recently been described that only play this de 

novo regulatory role in transformed cells to drive the cancer phenotype and its 

associated hallmarks
43,517,615

. We examined the DNA methylation changes occurring in 

the super-enhancers of colorectal cancer (HCT-116, n = 387), in which we obtained 

99 % coverage using our WGBS approach. We observed that these newly developed 

tumor-related super-enhancers were associated with DNA hypomethylation events 

(n = 23, δ HMR occupancy >25 %) at these sequences in the transformed cells 

compared with normal colorectal mucosa (Fig. 6.15a; Table 6.4). Most notably, the 

super-enhancer hypomethylation shift was independent of the global loss of DNA 

methylation generally found in cancer cells (paired t-test, p < 0.001)
314,612,641

 and rather 
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represented a focal DNA demethylation event within the super-enhancer regions (Fig. 

6.16). As we did with the aforementioned normal tissue super-enhancers, we validated 

the DNA hypomethylation changes in these de novo cancer super-enhancers using a 

cohort of matched normal colon and primary colorectal tumors (TCGA
624

, n = 41) 

analyzed by DNA methylation microarrays (Fig. 6.15a; Table 6.4). Noteworthy, we 

again excluded potential biases included by CNV in these regions (Table 6.4). In this 

setting, we further confirmed that the loss of DNA methylation in these emerging 

cancer super-enhancers was significantly associated with an increase in expression of 

the corresponding regulated genes in the primary colon tumors in comparison with the 

matched normal colon mucosa (TCGA
624

; Spearman’s correlation test, rho −0.18, 

p = 0.009; Fig. 6.15b). Examples within the most hypomethylated cancer super-

enhancers include those sequences regulating the MYC and RNF43
648

 oncogenes 

(Fig. 6.15c; Fig. 6.17a,b), regions not affected by CNV in the primary colorectal cancer 

sample analyzed by WGBS (Table 6.4). Importantly, DNA methylation changes 

affected solely regions specifically marked by H3K27ac in colon cancer and widely 

excluded H3K4me3, further indicating that alterations in super-enhancers occur 

predominantly distal to the core promoter regions (Fig. 6.15c). 
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An interesting matter arising from these results is their value for identifying putative 

mechanisms that create such specific patterns of oncogenic super-enhancer 

hypomethylation. It has been proposed that the availability and binding of transcription 

factors (TFs) to regulatory regions might be able to impact on the DNA methylome and 

that it is not the transcriptional activity per se that alters the DNA methylation profile of 

regulatory elements
633,634

. Herein, we have studied the putative enrichment of TF 

binding sites in these colorectal cancer-specific hypomethylated enhancers and we 

observed a significant enrichment for specific TF binding motifs (Fig. 6.18a). From 

these factors, specifically FOXQ1 (forkhead box Q1; p = 0.013), a member of the FOX 

gene family that is involved in tumorigenesis
649

, was the most overexpressed TF in 

primary colorectal cancer samples and showed multiple binding sites (Table 6.4) and a 

significant enrichment at hypomethylated super-enhancer loci (Fig. 6.18b). In relation 

to this point, FOXQ1 had a 73-fold greater expression in primary colorectal cancer  
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samples than in matched control samples (TCGA624; Wilcoxon test, p < 0.001; 

Fig. 6.15d). Furthermore, the stronger FOXQ1 expression was significantly associated 

with hypomethylation of the previously defined super-enhancers (linear slope −3.74, 

p = 0.008; Fig. 6.15e) and the activation of associated target genes (linear slope 0.14, 

p < 0.001; Fig. 6.15f), such as the well-known oncogenes MYC and RNF43 (Fig. 

6.19a,b and Fig. 6.20a,b). Interestingly, the presence of cancer-specific super-enhancer 

hypomethylation and the tumorigenic effect mediated by the presence of FOXQ1 

binding sites could be useful for identifying new candidate oncogenes, such as GPRC5A 

(G protein-coupled receptor, class C, group 5, member A; Fig. 6.17c,d, Fig. 6.19c and 

Fig. 6.20c), which, by mediating between retinoid acid and G protein signaling 

pathways, has a role in epithelial cell differentiation
650

. 

Importantly, we experimentally validated the association between FOXQ1 expression 

and target gene regulation in a colorectal cancer cell line model system (HCT116 and 

SW1116 cancer cell lines). Initially, we confirmed the occupancy of FOXQ1 at binding 

sites within the super-enhancer regions of the previous described target genes MYC, 

RNF43 and GPRC5A (Fig. 6.21a). Furthermore, following small hairpin RNA 

(shRNA)-mediated knockdown of the TF, we observed significant downregulation of 

MYC, RNF43 and GPRC5A, suggesting a direct regulatory role of FOXQ1 (Fig. 6.21b). 

In line with the oncogenic role of FOXQ1 targets in colorectal cancer settings, 

knockdown of the TF reduced cell proliferation of the colorectal cancer cell line (Fig. 

6.21c). Remarkably, in addition to FOXQ1, we could also experimentally confirm the 

regulatory effect of other enriched TFs, whose expression correlated significantly with 

super-enhancer hypomethylation level (p < 0.05; Fig. 6.18b). Specifically, we 

experimentally confirmed the regulatory effect of the TFs HNF4A and PPARG on 

RNF43 and GPRC5A expression (Fig. 6.22a,b). Herein, knockdown of the TFs 

repressed RNF43 and GPRC5A expression (Fig. 6.22c) and resulted in reduced cell 

viability (Fig. 6.22d), further supporting the accuracy of the functional prediction based 

on super-enhancer DNA methylation levels (Fig. 6.18b). 

Further, we were interested if disruption of the super-enhancer structure would interfere 

with the DNA methylation levels in the respective regions. Therefore, we treated the 

colorectal cancer cell lines HCT116 and SW1116 at sub-lethal concentrations with the 

BET-bromodomain inhibitor JQ1, a small molecule targeting BRD4, a key component 
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of the secondary super-enhancer structure (Fig. 6.23a,b)
517

. Interestingly, although the 

treatment with JQ1 decreased the expression of super-enhancer gene targets, such as 

MYC, RNF43 or GPRC5A, we could not detect an effect on DNA methylation levels at 

super-enhancer-related CpG sites (Fig. 6.23c,d). The lack of DNA methylation variance 

following JQ1 treatment suggests that the secondary super-enhancer structure per se is 

not a determinant of DNA methylation profiles, but that it is the binding of TFs to the 

DNA that locally establishes CpG methylation levels. 

4.3 Large-scale hypomethylation marks potential cancer drivers 

Finally, we wondered whether DNA methylation data obtained from WGBS could be 

used to identify new candidate cancer regulatory regions beyond the histone-based 

super-enhancer loci
515,615

. In line, extended hypomethylated regions were previously 

established as important regulatory elements in hematopoietic cells with a function in 

leukemogenesis
651

. To test this hypothesis, we ranked all the de novo formed 

hypomethylated DNA regions (<20 % average DNA methylation) in our colorectal 

cancer samples by size, having shown above that HMRs in colorectal tumorigenesis 

presented locus-specific properties (Fig. 6.10b and Supplementary Table 6.4). In this 

setting, we did observe an unequal distribution of HMR sizes, as previously reported for 

the super-enhancer-defining mark H3K27ac (Fig. 6.24a). Importantly, these large 

HMRs were mutually exclusive to the presence of super-enhancers in the respective 

regions, suggesting they represent an independent epigenetic feature to histone defined 

regulatory elements. Intriguingly, large HMRs mainly spanned gene promoter regions 

(22/26; Supplementary Table 6.7), a phenomenon previously described for genes 

activated in medulloblastoma patients, where an extensive expanded hypomethylation 

beyond the proximal promoter was observed, which might be a general feature of 

cancer-related gene activation
652

. Further, most of the HMRs that were present only in 

the metastatic cancer samples presented features suggesting a role in tumorigenesis. For 

example, the largest observed HMR (34.1 kb) in the metastatic colorectal cancer sample 

corresponded to beta-catenin (CTNNB1), a key component of the WNT pathway and 

driver of epithelial–mesenchymal transition (Fig. 6.24b)
653

. AXIN2, another key 

member of the WNT signaling pathway
654

, was also among the top identified HMRs 

and is, together with an additional illustrative example, displayed in Figure 6.24c,d. 

Importantly, these findings were validated in an independent cohort of colorectal  
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metastasis samples (n = 24) using DNA methylation microarray analysis (Student’s t-

test, p < 0.05; Fig. 6.24e,f). Thus, these findings suggest that large cancer-specific 

HMRs are likely candidate markers for identifying sequences that could act as de novo 

activators in a super-enhancer-like manner. 

4.4 Conclusions 

Overall, our findings indicate that super-enhancers, regulatory regions critical for cell 

identity and function, are partially regulated by their CpG methylation status in normal 

cells, and that they are targeted by specific aberrant DNA methylation events in cancer, 

with putative effects for the expression of the downstream-controlled genes. Further, we 

determined spatial differences of healthy and transformed DNA methylation profiles 

within these large enhancer clusters, suggesting local differences in activity in super-

enhancer regions. 
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We hypothesize that local changes in TF binding act on super-enhancer DNA 

methylation profiles with subsequent effects on target gene expression. Accordingly, 

super-enhancer DNA methylation levels indicate regulatory activity and, moreover, 

point to implicated TFs. In cancer, the perturbed expression of key TFs establishes 

novel super-enhancers that drive oncogene expression, a scenario that we partially 

delineated through the identification of FOXQ1 as a putative factor driving the 

differential DNA methylation at colorectal cancer-specific super-enhancers and the 

overexpression of key oncogenes, such as MYC and RNF43. 

Our results also emphasize that developing more extensive catalogues of human DNA 

methylomes at base resolution would help us gain a better understanding of the 

regulatory functions of DNA methylation beyond those of the most widely studied 

proximal promoter gene regions. 

5. Acknowledgments 

The research leading to these results received funding from: the European Research 

Council (ERC), grant EPINORC, under agreement number 268626; MICINN Projects – 

SAF2011-22803 and BFU2011-28549; Ministerio de Economía y Competitividad 

(MINECO), co-financed by the European Development Regional Fund, ‘A way to 

achieve Europe’ ERDF, under grant number SAF2014-55000-R; the Cellex Foundation; 

AGAUR Catalan Government Project #2009SGR1315; the Institute of Health Carlos III 

(ISCIII), under the Spanish Cancer Research Network (RTICC) number 

RD12/0036/0039, the Integrated Project of Excellence number PIE13/00022 

(ONCOPROFILE) and the research grant PI11/00321; the Sandra Ibarra Foundation, 

under IV ghd Grants for breast cancer research; the Olga Torres Foundation; the 

European Community's Seventh Framework Programme (FP7/2007-2013), grant 

HEALTH-F5-2011-282510 – BLUEPRINT, and the Health and Science Departments of 

the Generalitat de Catalunya. H.H. is a Miguel Servet (CP14/00229) researcher funded 

by the Spanish Institute of Health Carlos III (ISCIII). D.T. and M.E. are ICREA 

Research Professors. 



CHAPTER VI 

 

168 
 

6. Authors’ contributions 

H.H. and M.E. conceived and directed the study. H.H. and E.V. analyzed the data with 

support of S.S. and A.G. H.J.F. and M.V. performed experiments. A.M.C., J.V.S.M. 

and R.M. provided clinical samples. C.Y.L., R.R., D.T., M.O. and R.A.Y. contributed to 

data analysis. R.S.B. and S.G. performed RNA sequencing, I.G. and M.G. DNA 

sequencing and S.M. the Infinium 450 k microarray experiments and primary data 

analysis. H.H. and M.E. wrote the manuscript. All authors read and approved the final 

manuscript. 

7. Supplementary information 

Note: For a more user friendly lecture of this chapter, the following tables were not 

inserted next to the place where they were mentioned. Moreover, to not considerably 

affect the structure of this thesis they were resized. This information is also accessible in 

the online version of the article (http://dx.doi.org/10.1186/s13059-016-0879-2). 

 

http://dx.doi.org/10.1186/s13059-016-0879-2


Aberrant super-enhancer DNA methylation in human cancer 

169 
 

 



CHAPTER VI 

 

170 
 

 



Aberrant super-enhancer DNA methylation in human cancer 
 

171 
 

  



CHAPTER VI 

 

172 
 

 

  



Aberrant super-enhancer DNA methylation in human cancer 
 

173 
 

 

  



CHAPTER VI 

 

174 
 

  



Aberrant super-enhancer DNA methylation in human cancer 
 

175 
 

  



CHAPTER VI 

 

176 
 

  



Aberrant super-enhancer DNA methylation in human cancer 
 

177 
 

  



CHAPTER VI 

 

178 
 

  



Aberrant super-enhancer DNA methylation in human cancer 
 

179 
 

  



CHAPTER VI 

 

180 
 

 

  



Aberrant super-enhancer DNA methylation in human cancer 
 

181 
 

  



CHAPTER VI 

 

182 
 

 



Aberrant super-enhancer DNA methylation in human cancer 
 

183 
 

  



CHAPTER VI 

 

184 
 

 



 

 
 

CHAPTER VII 

CHAPTER VII - Discussion 

 

 

 

 

Discussion 



 

 
 



Discussion 

187 
 

1. Epigenetic Transcriptional Silencing of ncRNAs 

The classical view of cancer interprets the malignant phenomena based on genetics and 

on the tiny part of our genome that encodes protein-coding genes. Its standard 

pharmacological treatment is generally indiscriminate, targeting both cancer and healthy 

cells, causing severe side effects
655

. However specific treatment biomarkers (e.g. DNA 

methylation status of the promoter of MGMT in gliomas
656

) and the development of new 

specific drugs that target genetic alterations (e.g. BCR-ABL fusion gene in CML
657

; or 

BRAF activating mutations in melanoma
658

) may improve the clinical outcome. 

However, due to the fact that these alterations are not exclusive, cancer cells frequently 

escape the inhibited pathways, activating alternative ones, to survive and to proliferate. 

The accumulation of irreversible genetic mutations during tumor progression nourishes 

a tremendous challenge in cancer: the reversible modulation of gene expression in order 

to control tumor progression and/or metastasis. During this PhD thesis we aimed to 

uncover new layers of gene regulation, namely those related to ncRNAs that are 

continuously being identified as key regulators in tumorigenesis and are themselves able 

to modulate the expression of other RNAs. For instance, several studies have 

demonstrated that miRNAs and lncRNAs with tumor suppressor features become 

commonly silenced by CGI hypermethylation
236,659-661

. Additionally, genome-wide 

studies realized that the originally assigned “junk DNA” encodes for non-coding 

transcripts
497

. The identification and better understanding of epigenetic pathways altered 

during the carcinogenesis process would help to expose part of the complexity of a 

cancer cell, uncovering new biomarkers and therapeutic targets. 

snoRNAs are localized in the nucleolus, guiding post-transcriptional modifications of 

spliceosomal and ribosomal RNAs
540,662-664

. Consequently, at ribosome level, snoRNAs 

cooperate for their correct assembly and function
665

. Nevertheless, snoRNAs have 

shown to have unpredicted functions in oncogenesis, being disrupted by copy number 

variation, mutations, altered expression and chromosomal translocations in several 

malignancies
551,552,666,667

. Exemplarily, mutations in dyskerin (DKC1), the gene that 

codes for the enzyme that associates with H/ACA box snoRNAs to catalyze the 

pseudouridylation of rRNAs, increases cancer susceptibility
668

. On the other hand, 

modifications in ribosome biogenesis is implicated in tumor progression
669,670

, 
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suggesting that snoRNAs could be involved in cancer by an altered guiding of post-

transcriptional modifications of rRNA. 

In our first study we identified three snoRNAs that are recurrently repressed by 

hypermethylation of the CGI overlapping the promoter region of their host gene, in a 

panel of cancer cell lines and clinical samples. We first noticed that the snoRNAs 

SNORD123, U70C and ACA59B became heavily hypermethylated in HCT-116 

colorectal cancer cell line in comparison with normal colon mucosa. At transcriptional 

level, we verified that the hypermethylation of snoRNA-related CGIs was associated 

with the gene silencing of both host genes and associated snoRNAs. Interestingly, we 

observed that one of these CGIs was able to modulate the expression of three different 

RNA entities at the same time, the snoRNA SNORD123, its host lncRNA 

(LOC100505806) and SEMA5A, the last one transcribed in the opposite direction 

relative to the same differentially methylated CGI. Taking this into account, we 

amplified our study to other tissues, verifying a specific CGI hypermethylation in cell 

lines derived from different types of cancer. Interestingly, besides confirming the 

hypermethylation of these CGIs in other colorectal cancer cell lines we noticed a similar 

profile in a substantial proportion of leukemia cell lines. Moving to patient samples, we 

observed concordant DNA hypermethylation of these snoRNAs in a considerable 

fraction of ALL samples. In AML and primary multiple myeloma samples, CGI 

hypermethylation was observed for SNORD123 or ACA59B, respectively. 

Similarly to some described coding and non-coding genes holding tumor suppressor 

functions
49,194,533,537

, for the first time we reported three different snoRNAs that 

similarly undergo cancer-specific CGI hypermethylation-associated silencing. 

Accordingly, these events also lead to the transcriptional inactivation of their host genes 

and some studies revealed that some snoRNA host genes are deregulated in cancer, 

playing an important role in tumorigenesis. For instance, the snoRNA host lncRNA 

ZNFX1 antisense RNA 1 (ZFAS1) was recognized as a tumor suppressor gene in breast 

cancer
505,671

, being an oncogene in hepatocellular
672

 and colorectal
673

 carcinomas. 

Similarly, the snoRNA host lncRNA growth arrest specific 5 (GAS5) was described as a 

tumor suppressor in a variety of solid tumors
550,674-682

. Hence, we observed a down-

regulation of the SNORD123-host lncRNA in colorectal cancer, suggesting its potential 

involvement in cancer.  
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As it happens to HBII-52, reported to regulate alternative splicing
554

, we hypothesized 

that the epigenetic repressed SNORD123 and ACA59B could contribute to  

tumorigenesis by an unknown mechanism not related with ribosomal and spliceosomal 

RNA guided-modifications. They are conserved across vertebrates and expressed at 

least in normal colon mucosa but they do not have a known target (orphan snoRNAs). 

By contrast, the epigenetically repressed snoRNA U70C was also shown to be down-

regulated in CLL patients
683

 and deregulated in X-linked dyskeratosis congenita cells
684

, 

associated with cancer susceptibility. Curiously, this snoRNA guide a modification of 

18S rRNA, that in turn is suggested to be involved in cancer
570-572

.  

Taking into account that the epigenetic transcriptional repression of tumor suppressor 

genes is a frequent trait of cancer, our results suggest that some snoRNAs and host 

genes down-regulated by DNA methylation may contribute to tumorigenesis, being 

concomitantly potential biomarkers for cancer diagnosis. Accordingly, some snoRNAs 

were shown to be downregulated in NSCLC
553

, AML and ALL
685

, compared to normal 

cells. Other studies support a possible role of snoRNAs in gene silencing, by promoting 

pre-mRNA degradation or inhibiting splicing and/or transport of the RNA, acting by an 

antisense-like mechanism in the nucleus
686,687

. Thus, our findings support the hypothesis 

of an important role for the snoRNAs in oncogenesis, similarly to what was described 

for miRNAs
533

 and T-UCRs
537,688

, through their classical functions in ribosome 

biogenesis or through so far unknown functions of the orphan snoRNAs.  

Other ncRNAs that we found to be epigenetically regulated in malignant cells were the 

piRNAs. This class of ncRNA is mainly expressed in germline cells
503,573

, assisting the 

maintenance of genomic stability and germ cell function. Accordingly, they have an 

important role in transposon silencing by DNA methylation, guiding also the cleavage 

of transposable element transcripts by PIWI proteins, protecting the genome against 

adverse transposon-induced insertional mutations
579,585

. Recently it was suggested that 

piRNAs could also induce gene-specific DNA methylation at non-transposable element 

genetic loci
689

. For instance, a recent study, in neurons, associated the piwi/piRNA 

complex with the methylation of a CGI in the promoter region of cyclic AMP-

responsive element-binding protein 2 (CREB2)
690

.  

Owing to our interest in the deregulation of the PIWI/piRNA pathway in cancer, we 

decided to interrogate aberrant DNA methylation events in primary testicular tumors, 
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due to the fact that both PIWI proteins and piRNAs are known to co-exist in testis. We 

hypothesized that both entities could be epigenetically silenced. However, we centered 

our attention in the epigenetic regulation of the PIWI-proteins involved in the 

biogenesis of piRNAs, since the expression levels of the last ones would be affected if 

their machinery of biogenesis was disrupted, independently on their methylation profile. 

We observed an epigenetic transcriptional repression of piwi like RNA-mediated gene 

silencing 1 (PIWIL1), PIWIL2, PIWIL4 and TDRD1 by hypermethylation in primary 

testicular tumors (SE and NSE) and in three germ cell tumor cell lines. Curiously, the 

epigenetic disruption of PIWI proteins also occurs in non-genetic infertility syndromes 

in males
578

, that have been epidemiologically associated with testicular cancer
587,588

, 

being a common hallmark of both pathologies. We also demonstrated that the epigenetic 

silencing of the PIWI-protein genes involved in the biogenesis machinery of piRNAs 

were associated with a consistent decrease in piRNA levels and hypomethylation events 

at LINE-1 loci. In accordance with our study, recent data from small RNA sequencing 

on 22 human testicular germ cell tumor samples have confirmed a global loss of 

piRNAs on this type of tumors
691

. 

Other groups have corroborated piRNA-related proteins transcriptional repression in 

some cancers and several mutations were also described across different cancer types
579

. 

In  sarcoma patients, the expression decrease of PIWIL2 and PIWIL4 was associated 

with worse prognosis
692

. Other study demonstrated the increase in cell proliferation and 

a decrease in the expression of tumor suppressor genes upon the knockdown of PiwiL2 

in murine bone marrow mesenchymal stem cells
693

. In NSCLC tumors, PIWIL2 and 

PIWIL4 were found to be downregulated, while PIWIL1 was over-expressed in some 

tumors in comparison with normal tissue, being demonstrated that the latter could be 

regulated in part by DNA methylation
694

. Controversially, despite very few studies have 

reported the presence of piRNAs in normal or cancer somatic tissues, several other 

studies have reported the up-regulation of PIWI-proteins in somatic tumors
579

. 

The transcriptional silencing of tumor suppressor genes by DNA hypermethylation is a 

common and well-studied event in cancer. Although additional studies need to be 

performed, we suggest that both snoRNAs and piRNAs might be involved in 

carcinogenesis since they are inactivated by the same mechanism. Thereby, they are 
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potential biomarkers that should be exploited to the improvement of cancer diagnosis 

and personalized treatment selection. 

2. DNA Methylation Mechanisms in Cancer 

The CGI hypermethylation-dependent silencing of tumor suppressor genes in cancer is 

already very well described. Accordingly, we detected two different classes of ncRNAs 

repressed in cancer, prompting us to think about the mechanisms that overall govern the 

DNA methylation and expression profiles of a cancer cell. Moreover, in an independent 

study we have described the epigenetic activation of a cryptic TBC1D16 transcript that 

enhance melanoma progression
453

. In a new layer of epigenetic research in which we 

were interested, we further hypothesized the existence of a hypomethylation-associated 

transcriptional activation of both coding and non-coding oncogenic genes. 

One of the best clinical models illustrating the deregulation of DNA methylation is 

AML, where several mutations in epigenetic modifier genes such as TET2, IDH1/2, 

ASXL1, MLL, EZH2 and DNMT3A have been described
168

. We wondered to what extent 

they could change the epigenetic landscape of a cancer cell. Consequently, in our first 

approach, we hypothesized that DNA hypomethylation events might have clinical 

implications by gene expression regulation of both coding and non-coding transcripts 

implicated in leukemogenesis. Since the de novo DNA methyltransferase DNMT3A 

gene harbor a missense mutation in approximately 20% of AML patients, acting as a 

dominant negative that inhibits wild-type DNMT3A protein and being associated with 

DNA methylation changes
471-473,590-593

, we focused our attention on this gene. To 

establish cause-consequence events, between the mutational status of DNMT3A and 

downstream hypomethylated regions able to regulate leukemogenic-genes, we first 

depict the entire DNA methylome at single-base resolution in two AML cell lines, OCI-

AML5 and OCI-AML3. These cell lines harbor the wild type and the mutated form 

(heterozygous R882C
600

) of DNMT3A, correspondingly, being the Arg882 (R882) site 

one of the known driver mutations in AML
471

. Unsurprisingly, we found 182 800 

DMRs between the two cell lines, 86% of which correspondent to hypomethylated 

events in DNMT3A mutants cells. Accordingly, we observed a global decrease in the 

DNA methylation of this cell line (OCI-AML3). Of particular interest due to their 

relative location, one of these DMRs appears in the 5’ intergenic locus of MEIS1, 

overlapping with the TSS of some predicted sense and antisense lncRNAs. We first 
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focused our attention in the possible role of this DMR governing the expression of these 

lncRNAs, nonetheless we were unable to validate their existence in our model. 

Curiously, by combining WGBS with the expression microarray data for both cell lines, 

coupled to the analysis of the mutational status of DNMT3A and the methylation profile 

of primary AML patients, we identified a set of twelve candidate target loci for 

DNMT3A in AML. The hypomethylation-associated transcriptional expression of these 

target genes were then confirmed in OCI-AML3 cell line, harboring the heterozygous 

mutation for DNMT3A. 

Our analysis resulted in the identification of the key leukemogenic gene MEIS1. We 

suggested that this highest-ranked candidate gene is actively expressed due to the 

absence of a functional tetramer of DNMT3A
473

 in patients harboring its mutated form. 

Curiously, it was reported that the expression of the transcription factor MEIS1 was 

strongly associated with the expression of the lncRNA NR_033375
695

, suggesting a role 

of MEIS1 in the transcriptional regulation of ncRNAs that, in turn, could have 

important functions in the leukemogenic process. Moreover, in our preliminary studies 

we also described a signature of four hypomethylation-associated transcriptional 

reactivated lncRNAs in DNMT3A mutant cells (OCI-AML3), namely 

ENST00000413346, LOC100506585, ENST00000443490 and MIRLET7BHG (harbors 

let-7a-3 and let-7b). Despite complementary studies are required, the highest-ranked 

DMRs that we associated to the regulation of these lncRNAs, in cell lines, have a 

tendency to be established in AML patients harboring the DNMT3A wild type compared 

to the mutated forms. In line, recent reports have shown that let-7a-3 and let-7b were 

highly expressed in AML cell lines
606

 and that increased expression of let-7a-3 was 

associated with poor prognosis in AML
607

. 

In our AML WGBS analysis we have observed that the largest majority of DMRs do 

not overlap 5’-end regulatory promoters. Several other genomic regions with gene 

expression regulatory potential were differentially methylated between the DNMT3A 

wild type and mutant cells. According to several scientific reports, these loci could have 

important roles in cancer, by regulating the expression of crucial players of the 

disease
516-519,613-615

. Our interest in these regions led us to expand our studies to other 

tissues, to look for genome wide DNA methylation events in cancer. Accordingly, we 

performed WGBS in five normal tissues and eight associated cancer samples, supported 
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by DNA methylation microarray analyses of a large group of patient samples, to 

establish associations between super-enhancers DNA methylation status and their 

cancer-related activity. 

In our previous discussed studies, we observed a transcriptional repressive effect of 

hypermethylation events in the proximal regulatory gene regions. Similarly, we 

established a correlation between tumor-related hypermethylation of super-enhancers 

and transcriptional silencing of the corresponding related genes. Curiously, in breast 

cancer these events occur in the super-enhancers that in normal breast epithelial cells 

are the most enriched in the super-enhancer-defining histone mark H3K27ac. 

Considering that super-enhancers are regulatory elements able to drive the expression of 

genes, ensuring cell and tissue identity in normal tissues
515,615

, the methylation profile of 

super-enhancers was also associated with cancer type. However, some hypermethylated 

super-enhancers are shared by epithelial tumors of different origin. For instance, the 

super-enhancer regulating MIRLET7BHG is associated with the transcriptional silencing 

of the tumor suppressors let-7a-3 and let-7b, in both lung and breast cancers. 

In cancer, apart from the repression of super-enhancers that define cell identity in 

normal cells, super-enhancers with a de novo regulatory role in malignant cells were 

recently described
43,517,615

. In colorectal cancer, we have demonstrated that these tumor-

related super-enhancers undergo DNA hypomethylation events with concomitant 

transcriptional activation of the corresponding regulated genes, such as v-Myc avian 

myelocytomatosis viral oncogene homolog (MYC) and ring finger protein 43 

(RNF43)
648

 oncogenes.  

In order to integrate our findings about the transcriptional gene regulation of super-

enhancers in cancer, we focused our attention in the regulators of their methylation 

profiles, hypothesizing that transcription factors could modulate this scenario. Our study 

suggested that the disturbed expression and binding of transcription factors promote the 

establishment of novel super-enhancers, driving the expression of key players in the 

tumorigenic process. Moreover we have identified FOXQ1 as a putative transcription 

factor affecting the DNA hypomethylation at colorectal cancer-specific super-enhancers 

with an associated transcriptional overexpression of MYC and RNF43 oncogenes. 
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The description of a model supporting the expression of oncogenes through these 

regulatory regions, prompted us to think that an elegant therapeutic approach against 

cancer would be the disruption of these novel cancer-specific super-enhancers. We used 

JQ1 to target BRD4, a key component of the secondary super-enhancer structure
517

, 

being able to decreased the expression of some of the super-enhancer gene targets, 

namely MYC, RNF43 and GPRC5A. Nevertheless we were unable to change the 

methylation profile of such super-enhancers, supporting the idea that transcription 

factors binding should drive those changes and that the disturbance of their secondary 

structure by itself is not decisive. 

Our data in AML suggested the existence of a transcriptional reactivation of 

MIRLET7BHG by an associated DNA hypomethylation of its upstream region, derived 

from the presence of the mutant form of DNMT3A. Despite the TSS of MIRLET7BHG 

is located at more than 2kb (~ 4kb) downstream of the identified DMR in DNMT3A 

mutant cells, we have included this miRNA host gene in our study because of its partial 

genomic overlapping with the predicted lncRNA ENST00000443490, being possible an 

association between their regulation. We noticed that both transcripts were 

transcriptionally reactivated by hypomethylation in OCI-AML3, without knowing we 

were studying the super-enhancer analyzed in the following study. Through the 

validation of the differentially expression of both transcripts, we hypothesize that 

ENST00000443490 is acting as an eRNA
696

, assisting MIRLET7BHG expression. On 

the other hand, our last study indicated that MIRLET7BHG undergo a super-enhancer 

hypermethylation-associated transcriptional silencing in both breast and lung cancers. It 

is important to refer that there are controversial studies about the expression and 

function of let-7a-3 and let-7b in different malignancies. For instance, one of these 

studies interrogated the proximal upstream and overlapping region of the let-7a-3 pri-

miRNA, associating its hypomethylation with the transcriptional activation and 

enhanced tumor phenotype in lung adenocarcinomas. The oncogenic function 

classification was derived from the overexpression of let-7a-3 in A549 lung 

adenocarcinoma cell line. Nevertheless, the correlation between the DNA methylation 

of this locus and the transcriptional activation of the related miRNA was established 

using a colorectal cancer cell line. Importantly, the expression levels of let-7a-3 were 

not analyzed in patient samples (normal versus tumor) or in lung cancer cell lines with 

differences in terms of DNA methylation at this locus. It was also shown that the 
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methylation of this region, different from the genomic location that was analyzed in our 

study, was associated to the function of both DNMT1 and DNMT3B, but the role of 

DNMT3A was not analysed
608

. Controversially, another study had already described the 

downregulation of let-7 family of miRNAs in human lung cancer, comparing both 

normal and paired primary tumor samples by Northern blot analysis and quantitative 

real-time PCR. They described that patients with lower levels of let-7 had worse 

prognosis and that let-7a overexpression in A549 resulted in a reduced tumor 

phenotype
697

. 

Our results support the hypothesis of a DNA methylation-dependent transcriptional 

regulation of the host gene encoding both let-7a-3 and let-7b that is tissue dependent; 

and a dual role of these players in cancer, dependent on the cellular context, promoting 

a worst prognosis in AMLs by their overexpression and a more aggressive 

tumorigenesis in lung and breast cancer through their downregulation. 
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1. Concluding Remarks 

Cancer is an iceberg in the form of a guillotine and the little that is already known is 

continuously changing in the cellular context, challenging the therapeutic approaches. In 

this PhD thesis, we have unveiled a small portion of this iceberg, giving new insights on 

the characterization of the epigenetic landscape that overall govern the malignancy of a 

cancer cell. Our findings show by the first time that two classes of ncRNAs, snoRNAs 

and piRNAs, can be transcriptionally repressed in cancer by DNA hypermethylation of 

the promoter region of their host gene or of the proteins responsible for their biogenesis, 

respectively.  

Moreover by high-throughput methods we show that, in AML, changes in the 

epigenetic landscape caused by driver mutations in DNMT3A gene are associated with 

the transcriptional silencing of the key leukemogenic gene MEIS1. Moreover, we 

speculate through preliminary studies that some lncRNAs can also be disrupted by this 

mechanism. In a larger study comprising solid malignancies, in one hand we describe 

the DNA hypermethylation of tissue-specific super-enhancers and in the other, de novo 

formed super-enhancers associated to DNA hypomethylation, in malignant cells. We 

hypothesize that the last ones derive from a disturbed expression and binding of 

transcription factors, such as FOXQ1 in colorectal cancer. In our last model we also 

support the idea that miRNAs can be silenced through the DNA hypermethylation of 

super-enhancers, such as the one controlling the expression of the let-7a-3 and let-7b 

lncRNA-host transcript. 

In summary, in addition to protein-coding genes, we provide new insights into the 

epigenetic regulation of ncRNAs that might have a role in cancer, such as snoRNAs, 

piRNAs, lncRNAs and miRNAs. Importantly, ncRNAs are able to modulate the cellular 

epigenetic landscape or regulate the activity of other RNAs in a cellular context-

dependent manner. Thus, epigenetics and ncRNAs are two challenging targets in cancer. 

2. Future Perspectives 

One of the biggest concerns for public health is cancer. The very old foe remains 

insatiable and continues to threaten our lives, increasingly. Despite new advances in 

medicine, public health campaigns, early diagnosis and more effective treatments, there 
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is no substantial breaking in cancer related mortality. The higher incidence is presently 

explained by the higher average life expectancy, exposure to uncategorized carcinogens 

and our lifestyle, mainly in industrialized countries. The oncologic field is demanding 

the discovery of new biomarkers to detect cancer at very early stages; the 

characterization of cancer-related pathways, aiming the development of related new 

pharmacological approaches throughout specific drug design; and the molecular 

characterization of tumor subtypes, seeking a more personalized treatment. 

The translational application of our actual knowledge on the modulation of epigenetic 

mechanisms is still very limited due to the genome wide effects, using for instance, 

hypomethylating agents. However, ncRNAs themselves could be exploited not only as 

potential biomarkers for cancer diagnosis or treatment selection, but also as specific 

targets in cancer. Due to the wide range of molecular functions of ncRNAs, the 

development of challenging approaches to modulate their expression or function, in 

cancer, is starting to emerge, establishing a hope to cure or make chronic this malignant 

disease. Theoretically, in a sequence-based approach it would be possible the specific 

targeting of almost any deregulated RNA, avoiding genome wide adverse side effects
698-

700
. For instance, the silencing of miR-122, required for Hepatitis C virus infection, was 

already approached by locked nucleic acid (LNA)-modified oligonucleotides 

(Miravirsen)
701

, being the first miRNA-targeting drug reaching a phase II clinical 

trial
702

. On the other hand, miRNA replacement was approached by a double-stranded 

RNA mimic of the tumor suppressor miR-34, encapsulated in a liposomal nanoparticle 

formulation (MRX34), being currently in a phase I clinical trial
703

.  

Promising RNA-based therapeutic approaches are starting to emerge and would be even 

more promising taking into account the development of therapeutic strategies with oral 

bioavailability
704-706

, similarly to some chronic treatments to control diabetes or 

hypertension. 
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