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RESUME

Le cancer du foie représente l'un des cancers les plus fréquents chez l'homme et l'un des plus mortels à l'échelle mondiale en raison d'un diagnostic tardif des patients et de l'absence de traitements efficaces. Le carcinome hépatocellulaire (CHC) est généralement diagnostiqué à un stade avancé de progression tumorale et plus de 80% des cas trouvent une issue fatale, soulignant le besoin de mieux comprendre les mécanismes moléculaires impliqués dans l'hépatocarcinogenèse et d'identifier les gènes cibles critiques qui pourraient être exploités pour une détection précoce et une intervention thérapeutique. Les données épidémiologiques indiquent que les principaux facteurs de risque pour le développement de CHCs sont l'infection par les virus de l'hépatite B (VHB) et C (VHC), l'alcoolisme chronique et l'exposition aux aflatoxines, cependant les mécanismes par lesquels ces facteurs peuvent promouvoir le développement et la progression du cancer du foie sont encore flous. Les mécanismes épigénétiques sont reconnus pour constituer une interface entre le génome et les expositions environnementales, suggérant que différentes étiologies peuvent induire des changements épigénétiques spécifiques et précoces, qui peuvent plus tard, promouvoir l'hépatocarcinogenèse. Spécifiquement, la méthylation de l'ADN a déjà été reportée pour être dérégulée dans les CHCs. Cependant, un profil détaillé de la méthylation de l'ADN dans les CHCs et sa corrélation avec l'exposition aux principaux facteurs de risque majeurs manquent toujours. Le but de ce travail a été de caractériser les profils de méthylation de l'ADN, de CHCs et de tissus non cancéreux associés, de gènes candidats spécifiques afin de déterminer leur association avec le statut tumoral et l'exposition aux facteurs de risque en s'appuyant sur la technologie de pyroséquençage.

Cette étude nous a permis d'identifier des gènes spécifiques hyperméthylés dans les tumeurs de CHCs, dont des gènes non reportés encore. Une autre importante découverte de notre étude est que la méthylation aberrante de l'ADN est associée avec des facteurs majeurs de risque, dont l'infection par le VHB et la consommation d'alcool. Au vu de ces intéressantes données notre analyse a été étendue grâce à l'utilisation de la technologie de beadarray afin d'étudier le profil de méthylation de l'ADN de plus de 800 gènes associés au cancer. Nous avons mis en évidence une solide signature distinguant, les CHCs des tissus environnants et d'autres types de tumeurs, indépendante des facteurs de risque. De plus, la méthylation aberrante de l'ADN d'un sous groupe particulier de régions promotrices était associée à la progression tumorale et aux facteurs de risque (infection par VHB, VHC, alcool). De manière intéressante, la méthylation d'un panel de gènes indépendants était fortement corrélée aux données de survie après thérapies. Ce travail fournit des informations importantes concernant les gènes cibles affectés par la méthylation de l'ADN dans les CHCs et leur association avec l'exposition aux facteurs de risque. De plus, notre étude a révélé une dérégulation d'un large panel de gènes soumis à empreinte, suggérant que les mécanismes d'empreintes puissent être ciblés durant le développement de CHCs. En raison de la distinction clinique et moléculaire de sousgroupes au sein des CHCs, nos découvertes pourraient être exploitées en épidémiologie moléculaire et clinique pour la mise en place de stratégies pour un diagnostic plus précoce et des thérapies plus adaptées au CHC.

SUMMARY

Liver cancer is one of the most frequent human cancers and a major cause of cancerrelated death worldwide. Hepatocellular carcinoma (HCC) is generally diagnosed at an advanced stage of tumor progression, and more than 80% of the cases prove fatal, underscoring the need for a better understanding of the molecular mechanisms underlying hepatocarcinogenesis and identification of critical gene targets that could be exploited for early detection and therapeutic intervention. Epidemiological data indicate that the major risk factors for developing HCC are infection by hepatitis B virus (HBV) and hepatitis C virus (HCV) and heavy chronic alcohol intake. However, the molecular mechanisms by which these factors promote the development and progression of liver cancer are still unclear. It is believed that epigenetic mechanisms represent an interface between the genome and environmental exposures, suggesting that different etiologies may induce specific epigenetic changes at early disease stages that may promote further hepatocarcinogenesis. Specifically, DNA methylation has already been shown to be deregulated in HCC. However, the detailed profiling of DNA methylation in HCC and its correlation with risk factor exposures remains missing. The aim of this work has been to characterize the DNA methylation profiles in HCC and non-cancerous associated tissues of specific candidate genes to determine their association with tumor status and risk factors exposure using pyrosequencing technology. This study has allowed me to identify specific hypermethylated genes in HCC tumors, including non reported genes.

Another important finding of my work is that aberrant DNA methylation of key cellular genes in HCC is associated with major risk factors, including HBV infection and alcohol intake. Given this interesting data, this analysis has been further extended using bead array technology in order to study the DNA methylation profile of more than 800 cancer-related genes. A strong signature distinguishing HCC from surrounding tissue and from other tumor types, independent of risk factors has been established. In addition, aberrant DNA methylation of an independent subset of promoters was associated with tumor progression and etiological risk factors (HBV or HCV infection, and ethanol consumption). Interestingly, distinct methylation of an independent panel of gene promoters was strongly correlated with survival after cancer therapy. This work provides important information concerning the targeted genes affected by DNA methylation in HCC and their association with risk factor exposure. Finally, our study revealed deregulation of a large panel of imprinted genes, suggesting that imprinting mechanisms may be targeted during HCC development. Because of the molecular and clinical distinction of subsets of HCC cancers, our findings could be exploited in molecular epidemiology and clinics for diagnostic and prognostic purposes, and provide the basis for the development of epigenetics-based strategies for risk assessment.

PREFACE

The present work has been developed during my thesis performed in the Epigenetic group at the International Agency for Research on Cancer. During the past years, I had the opportunity to interact with several scientists, post-doc, students from the Agency as well as from external laboratories, leading to collaborations that played an important role in the development of this project.

The interests of the Epigenetic group are to characterize epigenetic changes in specific human cancers as signatures of environmental/lifestyle exposures (oncogenic viruses, alcohol, tobacco), to investigate epigenetic changes for the mechanistic understanding of cancer development and progression as well as to identify new epigenetic biomarkers that can be used in the development of epigenetics-based strategies for early detection and cancer therapy.

Within this perspective, the main goal of my research project was to characterize the well known epigenetic mark, DNA methylation, in liver cancer, one of the most common cancers. To this end, I took advantage of advanced technologies available at the moment of initiating this project in our laboratory or at the Agency, and combined them with a large panel of tumor liver samples in order to investigate DNA methylation changes in liver cancer and correlate those changes with clinicopathological features as well as exposure to particular etiologies. Liver cancer is known to be associated with different risk factors exposure, like hepatitis B or C virus infection or alcohol consumption. However, the mechanisms by which these risk factors are involved in hepatocarcinogenesis remain unclear. By this work, I brought a better characterization of the DNA methylation changes occurring in liver cancer and identified DNA methylation changes specific of risk factor exposure. In addition, I contributed to identify new possible mechanisms involved in liver carcinogenesis, bringing new perspectives of research.

In the introduction of my thesis, I tried to highlight some important aspects of liver physiology and pathology and to emphasize on clinical characteristics, necessary to explain the results. Because of their importance in liver carcinogenesis and their relevance to the present study, a detailed description of the main risk factor is provided.

In addition, a state of the art of the present subject at the moment of initiating this project is included. However, several advances in this field of research have been achieved in parallel with my own work mainly because of technical improvements.

These advances, already reflected in the different approaches used in the present study (Annexes III-IV) are described in the discussion.

For better understanding, results are divided into two parts according to the approach used.

The first part is based on a candidate approach using pyrosequencing technology that allows quantitative and sensitive detection of DNA methylation changes in multiple successive CpG sites. Using this approach, I identified a high frequency of aberrant hypermethylation of specific genes (RASSF1A, GSTP1, CHRNA3 and DOK1) in HCC tumors as compared to control cirrhotic or normal liver tissues. Moreover, this analysis revealed an association between alcohol intake and the hypermethylation of MGMT and between hypermethylation of GSTP1 and HBV infection, indicating that hypermethylation of the genes analyzed in HCC tumors exhibits remarkably distinct patterns depending on associated risk factors.

The second part is based on a genome-wide approach using a DNA methylation bead array platform in order to investigate the methylation status of more than 800 cancerrelated gene promoters. With this work, a signature distinguishing HCC from surrounding tissue and from other tumor types and independent of risk factors exposure has been identified. Moreover, aberrant DNA methylation of independent subsets of promoters was associated with tumor progression, survival after therapy and etiological risk factors (HBV or HCV infection and alcohol consumption).

These two independent parts refer to two published research papers (Annexes III and IV, respectively). In addition to this work, unpublished results suggesting that deregulation of imprinting mechanisms may be involved in hepatocarcinogenesis are also included.

These different works try to address the same question; therefore they are commonly discussed considering different relevant aspects.

Finally, in annexes, I included the two research papers mentioned above as well as two reviews completed in parallel with my research project that are not directly discussed but relevant to this work (Annexes V and VI). [START_REF] Fauci | Principles of Internal medicine[END_REF] Residing at the crossroads between the digestive tract and the rest of the body, the liver has the enormous task of maintaining the metabolic homeostasis of the body. This includes the processing of dietary amino acids, carbohydrates, lipids, hormones and vitamins; synthesis of serum proteins; and detoxification of endogenous waste products and xenobiotics. Thus, it is not surprising that the liver is vulnerable to a wide variety of metabolic, toxic, microbial, and circulatory elements that may give rise to different pathologies, including cancer. To bring a better understanding of the context in which tumor development may occur in the liver, I will first describe the anatomy of the liver, how it participates in its complex and diverse metabolic functions and then the different pathologies affecting liver activity.
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A. Anatomy

The liver is the largest organ/gland of the human body, except for the skin, comprising for approximately 4% to 5% of body weight in the newborn and 2% to 5% in the adult (Figure 1) [START_REF] Boron | Medical Physiology[END_REF]. In adults it weighs approximately 1500 g, although this depends on body size, race and sex, and is located in the upper right corner of the abdomen.

The liver is strategically situated in the circulatory system, receiving the portal blood that drains the stomach, small intestine, large intestine, pancreas, and spleen. In this sense, the liver plays a major role in metabolism and has a number of functions in the body, including glycogen storage, decomposition of red blood cells, plasma protein synthesis, hormone production and detoxification. The liver is the only internal human organ capable of natural regeneration of lost tissue; as little as 25% of a liver can regenerate into a whole liver [START_REF] Fausto | Liver regeneration[END_REF]. These interesting and complex features are reflected in the anatomy of the liver itself, as detailed below.

Figure 1 Anatomy of the liver (Ger 1989)

Liver anatomy can be described using two different parameters: morphological anatomy and functional anatomy. The traditional morphological anatomy is based on the external appearance of the liver. According to these criteria, the liver is separated into two major lobes, the right (~65% of liver volume) and left lobes. The right lobe is further subdivided into the caudate lobe, the posterior portion, and the quadrate lobe, on the inferior surface (Figure 1) [START_REF] Ger | Surgical anatomy of the liver[END_REF].

From a functional point of view, the liver is divided into 4 different functional segments that are further divided into a total of eight independent sub-segments, so-called "Couinaud segments" (Lee 2010) (Figure 2). Each segment has its own vascular inflow, outflow and biliary drainage. In the center of each segment there is a branch of the portal vein, hepatic artery and bile duct. In the periphery of each segment there is vascular outflow through the hepatic veins. Because of this division into self-contained units, each segment can be resected without damaging those remaining. The lobes of the liver are further divided in lobules, small divisions of the liver only visible at the microscopic scale. Their hexagonal architecture is well defined, with one branch of the hepatic vein in the middle, surrounded by several layers of hepatocytes, and at the periphery the portal triad, including the bile duct, the hepatic artery and the portal vein (Figure 2).

This structure allows the blood to flow from the periphery to the center of the lobule, while the bile flows from the center to the periphery of the hexagon. Within the lobules, we find the functional subunit of the liver, the so called hepatic acinus. The hepatic acinus represents a liver lobule that is divided into 3 regions based on their proximity to the distributing veins (Figure 3 Both a lobule and an acinus are represented. The classic hexagonal lobule is centered around a central vein (CV), also known as a terminal hepatic venule, and has portal tracts at three of its apices. The portal triads contain branches of the portal vein (PV), hepatic artery (HA), and the bile duct (BD) system. Regions of the lobule are generally referred to as "periportal," "midzonal," and "centrilobular," according to their proximity to portal spaces and the central vein. Another way of defining the architecture of the liver parenchyma is to use the blood supply as a source of reference. Using this approach, triangular acini can be recognized. Acini have at their base branches of portal vessels that penetrate the parenchyma ("penetrating vessels"). On the basis of the distance from the blood supply, the acinus is divided into zones 1 (closest to blood source), 2, and 3 (farthest from blood source) [START_REF] Kumar | Basic Pathology[END_REF].

B. Hepatic cell types

The hepatocytes

Hepatocytes account for approximately 80% of the parenchymal volume in the human liver and are the main hepatic actors involved in the metabolic functions of the liver [START_REF] Boron | Medical Physiology[END_REF]. Hepatocytes have several hundred functions and are a frequent target of infectious, toxic, metabolic, and immunologic injury to the liver.

Hepatocytes perform different roles depending on their physical location within the hepatic lobule. "Metabolic zonation" refers to the differential properties of periportal (adjacent to the portal triad) and pericentral (adjacent to the central vein) hepatocytes. Periportal hepatocytes, for example, express urea cycle enzymes and convert ammonia to urea. In contrast, pericentral hepatocytes express glutamine synthase and utilize ammonia to generate glutamine [START_REF] Duncan | Stem cells and liver regeneration[END_REF]. When injured, hepatocytes may produce and release oxygen free radicals, lipid peroxide products, proteases, cytokines, and growth factors that injure adjacent cells and stimulate synthesis of collagen.

Hepatocytes form an epithelium that constitutes a functional barrier between two fluid compartments with differing ionic compositions: the tiny canalicular lumen containing bile and the much larger sinusoid containing blood (Figure 4B). Moreover, hepatocytes significantly alter the composition of these fluids by vectorial transport of solutes across the hepatocyte. This vectorial transport depends critically on the polarized distribution of specific transport mechanisms and receptors that are localized on the apical membrane that faces the canalicular lumen and the baso-lateral membrane that faces the pericellular space between hepatocytes and the blood-filled sinusoid (Figure 4C). As in other epithelia, the apical and basolateral membrane domains of hepatocytes are structurally, biochemically, and physiologically distinct. The space of Disse, or perisinusoidal space, is the extracellular gap between the endothelial cells lining the sinusoids and the basolateral membranes of the hepatocytes.

These basolateral membranes have microvilli that project into the space of Disse to facilitate contact with the solutes in sinusoidal blood. The microvilli greatly amplify the basolateral membrane, which accounts for approximately 85% of the total surface area of the hepatocyte.

The bile canaliculi, into which bile is initially secreted, are formed by the apical membranes of adjoining hepatocytes. The apical membrane of the hepatocyte runs as a narrow belt that encircles and grooves into the polygonal hepatocyte (Figure 4B-C). Two adjacent hepatocytes form a canaliculus that is approximately 1 μm in diameter by juxtaposing their apical membranes along their common face (i.e., one side of the polygon). Because a hepatocyte has many sides and a different neighbor on each side, the canaliculi form a "net" along the contiguous surfaces of hepatocytes and communicate to form a three-dimensional tubular network. Although the apical membrane belt is very narrow (i.e., 1 μm), its extensive microvillous structure amplifies its surface area in order to increase the movement of water and solutes. From the canaliculi, the bile enters the small terminal bile ductules, called canals of Hering.

The seal that joins the apical membranes of two juxtaposed hepatocytes and that separates the canalicular lumen from the pericellular space, which is contiguous with the space of Disse, comprises several elements, including tight junctions (Figure 4D) and desmosomes. Specialized structures called gap junctions allow functional communication between adjacent hepatocytes. Hepatocytes do not have a true basement membrane, but rest on a complex scaffolding provided by the extra-cellular matrix in the space of Disse, which includes several types of collagens (I, III, IV, V and VI), fibronectin, undulin, laminin and proteoglycans. Cells are linked to the matrix through specific adhesion proteins on the cell surface. The extracellular matrix not only provides structural support for liver cells but also seems to influence and maintain the phenotypic expression of hepatocytes and sinusoidal lining cells [START_REF] Boron | Medical Physiology[END_REF].

Over 6% of the volume of the liver parenchyma is made up of cells other than hepatocytes, including endothelial cells (2.8%), Kupffer cells (2.1%), pit cells (less than 1%) and stellate cells (fat storing or Ito cells, 1.4%).

The sinusoidal endothelial cells

The endothelial cells that line the vascular channels or sinusoids form a fenestrated structure with their bodies and cytoplasmic extensions. Sinusoidal endothelia have a specialized, highly permeable pore system that allows access of circulating molecules to the hepatocyte. These cells also scavenge soluble compounds and can phagocytose small particles; in addition they synthesize and secrete hepatocyte growth factor (HGF), insulin-like growth factor-2 (IGF-2), transforming growth factor β (TFG-β), endothelin and matrix components. During inflammation, these cells express intracellular adhesion molecule 1 (ICAM1), leading to adhesion of neutrophils and amplification of the inflammatory response that can lead to tissue damage. If sinusoidal endothelia become damaged during this process, the resulting impaired blood flow can lead to further ischemic injury.

The Kupffer cells

The Kupffer cells are within the sinusoidal vascular space. This population of fixed macrophages removes particulate matter from the circulation. The Kupffer cells constitute 80% to 90% of the fixed macrophages of the reticuloendothelial system. In addition, they can elaborate a large number of secretory products, including tumor necrosis factor (TNF), interferon α-1 (IFN-α) and β-1 (IFN-β), interleukin (IL)-1, IL-6, prostaglandin 2, prostaglandin D2, prostaglandin F2α, thromboxane B2, leukotrienes, superoxide, proteases, nitric oxide, TGF-β, and many other proinflammatory compounds [START_REF] Albanis | Hepatic fibrosis. Pathogenesis and principles of therapy[END_REF]. This may result in activation of T cells, cytotoxicity, magnification of the inflammatory response, and stimulation of fibrogenesis [START_REF] Sokol | Liver cell injury and fibrosis[END_REF].

The pit cells

Pit cells were firstly described in 1976 [START_REF] Wisse | The pit cell: description of a new type of cell occurring in rat liver sinusoids and peripheral blood[END_REF]). The name pit cell was introduced because of their characteristic cytoplasmic granules, which in Dutch are called pit, resembling the seeds in a grape. The hypothesis that pit cells might possess NK activity was suggested by [START_REF] Kaneda | Distribution and morphological characteristics of the pit cells in the liver of the rat[END_REF], because of their morphologic resemblance to large granular lymphocytes. Pit cells exist in the liver sinusoids and often adhere to endothelial cells, although they incidentally contact Kupffer cells. They face the blood directly. Pseudopodia of pit cells can penetrate the fenestrae of the endothelial cells, and enter the space of Disse and can directly contact the microvilli of hepatocytes. Their appearance in the space of Disse is not a common feature. By morphological investigation, the frequency of pit cells in liver tissue is about an average of 1 pit cell per 10 Kupffer cells [START_REF] Luo | On the cell biology of pit cells, the liver-specific NK cells[END_REF]. Pit cells exert high spontaneous cytotoxic activity against tumor cell lines and may act as a primary defense barrier to metastasizing tumor cells and to virus infections [START_REF] Bouwens | Pit cells in the liver[END_REF].

The stellate cells

The hepatic stellate cells are in the space of Disse and are characterized morphologically by the presence of large fat droplets in their cytoplasm. These cells play a central role in the storage of vitamin A, and are able to synthetize and release dozens of secretory products, including TGF-β, endothelin, nitric oxide, IGF, endothelial growth factor (EGF), and matrix metalloproteinase 2 (MMP2) and its inhibitor [START_REF] Albanis | Hepatic fibrosis. Pathogenesis and principles of therapy[END_REF].

Because these cells are contractile, they also may regulate blood flow and sinusoidal tone. When activated, they are the major producers of hepatic extracellular matrix, including collagens type I and III. Evidence suggests that they can be transformed into proliferative, fibrogenic and contractile myofibroblasts. The myofibroblastic differentiation of hepatic stellate cells is a critical event in liver fibrosis and is part of the final common pathway to cirrhosis in chronic liver disease from all causes [START_REF] Olsen | Hepatic stellate cells require a stiff environment for myofibroblastic differentiation[END_REF]. Upon liver injury, these "activated" cells participate in fibrogenesis through remodeling of the extracellular matrix and deposition of type-1 collagen, which can lead to cirrhosis.

The cholangiocytes

Bile duct epithelial cells, so called cholangiocytes, are not by definition hepatic cells but they are functionally associated with the liver system. The cholangiocytes form a cuboidal epithelium in the small interlobular bile ducts, that become columnar and mucus secreting in larger bile ducts approaching the portal hepatic and the extra hepatic ducts. They are characterized by particular absorptive and secretory properties that contribute significantly to the process of bile formation and are targets in infectious, immunologic and congenital forms of injury to the liver. These cells also are capable of synthesizing and releasing a number of cytokines, chemokines and growth factors. In the healthy liver, cholangiocytes contribute to bile secretion by releasing bicarbonate and water [START_REF] Tietz | Cholangiocyte biology[END_REF].

C. Physiology

The liver is an organ necessary for survival; there is currently no way to compensate for the absence of liver function long term, although liver dialysis can be used short term, highlighting its crucial role in the body. As mentioned before, the liver is strategically situated in the circulatory system, receiving the portal blood that drains the stomach, small intestine, large intestine, pancreas and spleen. Globally, the liver, as a chemical factory, transforms and degrades substances taken up from blood and either returns them to circulation or excretes them into the bile.

Bile is a complex secretory product synthesized by the liver. Biliary secretion has two principal functions: (1) eliminate many endogenous and exogenous waste products from the body, such as bilirubin and cholesterol, and (2) promote the digestion and absorption of lipids from the intestine. The composition of bile is modified significantly as a result of the absorptive and secretory properties of epithelial cells that line the intrahepatic and extra hepatic bile ducts. Moreover, bile solutes are further concentrated as bile is stored in the gallbladder.

The liver plays the major role in producing proteins that are secreted into the blood, including major plasma proteins, like albumin, factors in hemostasis and fibrinolysis, carrier proteins, hormones, prohormones and apolipoproteins. Indeed, the liver has the capacity to convert important hormones and vitamins into a more active form. Examples include the initial hydroxylation of vitamin D and the deiodination of the thyroid hormone thyroxine (T4) to triiodothyronine (T3) [START_REF] Boron | Medical Physiology[END_REF].

Depending on the metabolic requirements of the body, these substrates may be stored by the hepatocytes or released into the bloodstream either unbound (e.g., glucose) or associated with a carrier molecule (e.g., a triglyceride molecule complexed to a lipoprotein). In addition, by virtue of its large vascular capacity and abundance of phagocytes (Kupffer cells), the liver provides an important filtering mechanism for the circulation by removing foreign particulate matter, including bacteria, endotoxins, parasites and aging red blood cells.

Next, I will describe the main functions of the hepatic system.

Carbohydrate metabolism

The liver is a critical storage site for glycogen and is essential for the maintenance of the systemic glucose homeostasis. The liver metabolizes the lactate and maintains peripheral glucose availability through the Cori cycle in the setting of anaerobic metabolism [START_REF] Brunicardi | Principles of Surgery[END_REF]. The liver provides a supply of substrates as fuels for other organs, particularly in the fasted state. For example, the liver produces ketone bodies, which can be used by the central nervous system during periods of fasting, thereby sparing about 50% of the amount of glucose that would otherwise be used by this tissue. Thus, the liver has a critical and unique role in the energy metabolism of all non hepatic organs.

The liver uses three metabolic processes to manage carbohydrates and ensure adequate blood glucose:

Glycogenesis -excess of glucose, fructose, and galactose are converted to glycogen and stored in the liver.

Glycogenolysis -when blood glucose falls, the liver breaks down stored glycogen to raise blood glucose levels Gluconeogenesis -the liver can synthesize glucose from lactic acid, some amino acids and glycerol. When glucose is low the liver can derive energy from the metabolism of fatty acids which can conserve available glucose.

Lipid metabolism

The liver is also an important modulator of the lipid metabolism by producing and storing cholesterol, mainly the sterol component of mammal cellular membranes, and triglycerides in order to produce energy for the other tissues.

Indeed, the liver receives a variety of lipid forms including: chylomicrons remnants, very low density lipoproteins (VLDL), low density lipoproteins (LDL), high density lipoproteins (HDL) and fatty acids (Figure 5). Large lipoprotein molecules are broken into smaller units by the lytic action of lipoprotein lipase (LPL) expressed on the endothelium of vessels. Then, circulating lipoproteins become small enough to enter into the space of Disse attached to receptors on the hepatocyte. These lipoprotein remnants are held near the hepatocyte surface and exposed to hepatic lipase compounds. LDL receptors transfer the lipoprotein fragments into the hepatocyte by the process of endocytosis. Chylomicrons, products of intestinal packaging of dietary fats, are delivered to the liver through the hepatic artery and the sinusoid. They contain 98% lipids and 2%

protein and are degraded in the blood by contact with LPL. Chylomicrons become smaller and denser as fatty acids are stripped off when they finally reach the liver.

Hepatic lipase expressed by the hepatic sinusoidal endothelium and hepatocytes continue the remnant degradation. VLDL (90% lipids and 10% protein) are synthesized primarily in the hepatocyte. Their purpose is to transport triglycerides made in the liver into plasma for use or storage outside the liver. LDL (70% lipids and 30% protein) formed from VLDLs in the plasma by the action of lipase, distribute cholesterol throughout the body. Cholesterol is an important constituent of: VLDL, cell membranes, hormones, bile. HDL (50% lipids and 50% protein) are small lipoprotein particles formed in the liver and intestine that collect cholesterol & lipoprotein fragments from the blood and blood vessel plaques and return them to the liver for recycling (Figure 5). Fatty acids, formed from LDL degradation, are linear hydrocarbon chains that are the major constituents of dietary lipoproteins (triglycerides).

Protein management

Dietary protein is denatured by stomach acids and digested into amino acids in the small intestine. Amino acids are absorbed by the small intestine and delivered to the liver via the portal circulation. Up to 50% of the liver's energy requirements can be supplied by amino acid oxidation. Oxidative deamination breaks amino acids into keto acid and an ammonia molecule. The keto acid is used in the Kreb's cycle to produce ATP (Adenosine-5'-triphosphate). The liver combines ammonia with CO2 to form urea and H2O.

The liver also uses dietary amino acids and those released during normal tissue breakdown to produce its own proteins and enzymes as well as plasma proteins. Plasma proteins produced by hepatocytes include: albumin, fibrinogen, prothrombin, αfetoprotein (AFP), α2-macroglobin, hemopexin, transferrin, complement components C3, C6 and C1, α1-antitrypsin and caeruloplasmin.

Phagocytose

Red blood cell (RBC) lifespan is about 120 days. Reticuloendothelial (macrophage) cells in the spleen, liver and bone marrow are primarily responsible for clearing pathogens and debris. Kupffer cells are reticuloendothelial cells resident in the liver sinusoids that collect damaged RBCs and bacteria as they pass through. Hundreds of millions of RBCs are removed by the reticuloendothelial system every minute. Kupffer cells, like other reticuloendothelial macrophages, lyse RBCs into heme and globin. Globin is further catabolized into polypeptide components for reuse. Heme is broken into biliverdin and iron. Biliverdin is converted to bilirubin while iron is transported by transferrin to the liver and spleen for storage and to the bone for hematopoiesis.

About 85% of bilirubin is derived from lyses of RBCs; the rest comes from the breakdown of other hemoproteins like myoglobin, cytochromes and peroxidases.

Kupffer cells, like other reticuloendothelial macrophages, release bilirubin into the blood. In the blood, bilirubin binds to albumin forming a compound that is small enough to pass through the endothelial fenestrae and into the space of Disse where it comes in contact with hepatocytes; hepatocytes cleave bilirubin from albumin, absorb the bilirubin and transform it into glucouronic acid by the action of bilirubin uridine diphosphate glucuronyl transferase (UDPGT). Water soluble conjugated bilirubin is secreted into canaliculi along with water, electrolytes, bicarbonate, bile acids, salts, cholesterol and phospholipids, a combination corresponding to bile.

In the duodenum, bile salts attach to fat globules forming smaller micelles that collect fatty acids and glycerol. The micelles travel to the jejunum where they deliver their cargo to the intestinal epithelium. Inside the epithelial cells glycerol and fatty acids are rejoined to form triglycerides. Finally, triglycerides are joined to cholesterol and proteins are added to the surface; creating a chylomicron.

D. A unique feature of the liver: regeneration

As mentioned above, the liver is the only internal human organ capable of natural regeneration of lost tissue. Indeed, after a partial hepatectomy of 70% of the liver, the remaining tissue is able to regenerate, or to be more precisely repopulated, into a whole liver [START_REF] Michalopoulos | Liver regeneration[END_REF][START_REF] Duncan | Stem cells and liver regeneration[END_REF].

The ability of the liver to regenerate has been recognized by scientists for many years and even described in ancient Greek mythology. As punishment for defying Zeus and revealing the secret of fire to man, Prometheus was chained to a rock and eternally tormented by an eagle. Each day his liver was ripped out by the eagle, and was renewed overnight for the eagle to prey on. In 1931, Higgins and Anderson demonstrated the regenerative capacity of the liver in rodents after a two-thirds partial hepatectomy, in which the medial and left lateral lobes were removed. The remaining liver was able to regenerate to its original mass approximately one week after surgery [START_REF] Higgins | Experimental pathology of the liver. I. Restoration of the liver of the white rat following partial surgical removal[END_REF].

Under normal circumstances the liver undergoes a low rate of hepatocyte renewal, but triggers a rapid regenerative response to the acute loss of two-thirds or more of the parenchymal mass [START_REF] Alison | Stem cells in liver regeneration, fibrosis and cancer: the good, the bad and the ugly[END_REF]. Hepatocytes are the first cells of the liver to enter into the cell cycle and undergo proliferation.

The process of regeneration is associated with signaling cascades involving growth factors, cytokines, matrix remodeling and several feedbacks of stimulation and inhibition of growth related signals. The most important signals are HGF [START_REF] Pediaditakis | The processing and utilization of hepatocyte growth factor/scatter factor following partial hepatectomy in the rat[END_REF], IL-6 [START_REF] Liu | Interleukin-6, hepatocyte growth factor, and their receptors in biliary epithelial cells during a type I ductular reaction in mice: interactions between the periductal inflammatory and stromal cells and the biliary epithelium[END_REF], and TNF-α [START_REF] Kirillova | Tumor necrosis factor induces DNA replication in hepatic cells through nuclear factor kappaB activation[END_REF]). However, much less is known about how liver regeneration is terminated once the appropriate liver mass is restored.

The liver is able to restore any lost mass and adjusts its size to that of the organism, while at the same time providing full support for body homeostasis during the entire regenerative process [START_REF] Michalopoulos | Liver regeneration[END_REF]. In humans, normal liver weight is reestablished within 8-15 days [START_REF] Michalopoulos | Liver regeneration[END_REF][START_REF] Fausto | Liver regeneration[END_REF].

The capacity of mature liver cells to proliferate in response to common forms of injury is remarkable. However, when this response is impaired, the contribution of hepatic progenitors becomes apparent. Partial hepatectomy is commonly associated with administration of drugs that impair hepatocyte proliferation, triggering the activation of hepatic progenitor cells [START_REF] Duncan | Stem cells and liver regeneration[END_REF][START_REF] Chobert | Liver precursor cells increase hepatic fibrosis induced by chronic carbon tetrachloride intoxication in rats[END_REF].

Several chemical agents have already been reported in rodents for their role in the activation of hepatic progenitor cells (Table 1). [START_REF] Laconi | Transplantation of normal hepatocytes modulates the development of chronic liver lesions induced by a pyrrolizidine alkaloid, lasiocarpine[END_REF] Retrorsine & PH [START_REF] Laconi | Long-term, near-total liver replacement by transplantation of isolated hepatocytes in rats treated with retrorsine[END_REF][START_REF] Gordon | Temporal analysis of hepatocyte differentiation by small hepatocyte-like progenitor cells during liver regeneration in retrorsine-exposed rats[END_REF]) AAF, 2-acetylaminofluorene; PH, partial hepatectomy. DDC 3,5-diethoxycarbonyl-1,4-dihydrocollidine

INTRODUCTION

E. Hepatic progenitor cells

Liver organogenesis begins at embryonic day (E) 8.5 in the mouse with the development of a liver bud from the foregut endoderm and is triggered by several signaling pathways, including the Wnt pathway [START_REF] Zaret | Genetic programming of liver and pancreas progenitors: lessons for stem-cell differentiation[END_REF]. The liver bud gives rise to cells destined to become bipotential hepatic progenitor cells (HPCs) in humans or "oval cells" in rodents [START_REF] Lemaigre | Liver development update: new embryo models, cell lineage control, and morphogenesis[END_REF][START_REF] Roskams | Nomenclature of the finer branches of the biliary tree: canals, ductules, and ductular reactions in human livers[END_REF] . HPCs initially express αfetoprotein (AFP) and albumin and later express cytokeratins (CKs) -7 and -19. Just before embryonic day 16, HPCs diverge along two cell lineages: hepatocytes (AFP+/albumin+) and cholangiocytes (CK19+) [START_REF] Jung | Initiation of mammalian liver development from endoderm by fibroblast growth factors[END_REF]. Notch signaling via Jagged1 and Notch2 promotes differentiation of HPCs toward a biliary epithelial phenotype, whereas HGF antagonizes biliary differentiation and promotes hepatocytic differentiation [START_REF] Mccright | A mouse model of Alagille syndrome: Notch2 as a genetic modifier of Jag1 haploinsufficiency[END_REF]. The balance between the 2 cell types can be modulated during development via TGF-β signaling [START_REF] Weinstein | Smad proteins and hepatocyte growth factor control parallel regulatory pathways that converge on beta1-integrin to promote normal liver development[END_REF].

Not All hepatic cells have the same germ layer origin. Indeed, hepatocytes (along with cholangiocytes) are derived from the embryonic endoderm, while the stromal cells, stellate cells, Kupffer cells and blood vessels, are of mesodermal origin [START_REF] Duncan | Stem cells and liver regeneration[END_REF].

In adult human tissues, HPCs have been found residing in the smallest terminal branches of the biliary tree known as the Canals of Hering [START_REF] Alison | Liver stem cells: implications for hepatocarcinogenesis[END_REF]. Within this niche, HPCs are in direct physical continuity with hepatocytes at one membrane boundary and bile duct cells at another boundary.

When mature hepatocytes and cholangiocytes are damaged or inhibited in their replication, a reserve compartment of HPCs is activated [START_REF] Roskams | Oxidative stress and oval cell accumulation in mice and humans with alcoholic and nonalcoholic fatty liver disease[END_REF].

Then, bipotential transit amplifying progenitors expand and differentiate into hepatocytes and biliary cells. The activation of the progenitor cell compartment, referred to as a "ductular reaction" in humans and "oval cell reaction" in rodents, is observed in circumstances of prolonged necrosis, cirrhosis and chronic inflammatory liver diseases.

Intermediate hepatocytes, with an intermediate phenotype between progenitor cells and mature hepatocytes, are seen in moderate to severe inflammatory hepatitis. Moreover, the degree of HPCs activation correlates with the degree of inflammation and fibrosis in diseases such as chronic hepatitis, hemochromatosis and nonalcoholic steatohepatitis [START_REF] Lowes | Oval cell numbers in human chronic liver diseases are directly related to disease severity[END_REF][START_REF] Libbrecht | The immunohistochemical phenotype of dysplastic foci in human liver: correlation with putative progenitor cells[END_REF]. Indeed, the observation that many reagents that activate oval cells in rodents are carcinogenic supports the idea that alterations in the proliferative capacity of oval cells can contribute to liver cancer (see Table 1 above). In mice and rats, some hepatocellular carcinomas and cholangiocarcinomas have been proposed to be of oval cell origin [START_REF] Sell | Evidence for the stem cell origin of hepatocellular carcinoma and cholangiocarcinoma[END_REF]. The detection of c-myc, Ras, and AFP after oval cell activation is consistent with this hypothesis [START_REF] Yaswen | Expression of c-Ki-ras, c-Ha-ras, and c-myc in specific cell types during hepatocarcinogenesis[END_REF][START_REF] Braun | Production of hepatocellular carcinoma by oval cells: cell cycle expression of c-myc and p53 at different stages of oval cell transformation[END_REF]). In humans, HPCs have also been observed in samples from patients with liver cancer or chronic diseases [START_REF] Libbrecht | Hepatic progenitor cells in human liver diseases[END_REF].

These data give rise to the interest in a potential role of those progenitor cells in liver disease, including cancer.

F. Evaluation of liver dysfunction

Due to its diverse roles in the body, the liver appears to be an easy target for injuries and dysfunctions. 2).

While tests may direct the physician to determine a category of liver disease, additional radiologic testing and procedures are often necessary to make the proper diagnosis. The two most commonly used tests are reviewed here.

-Percutaneous biopsy of the liver is an invasive procedure that can be performed with local anesthesia. Liver biopsy is of proven value in the following situations: (1) hepatocellular disease of uncertain cause, (2) prolonged hepatitis with the possibility of chronic active hepatitis, (3) unexplained hepatomegaly, (4) unexplained splenomegaly,

(5) hepatic filling defects by radiologic imaging, (6) fever of unknown origin, (7) staging of malignant lymphoma. Liver biopsy is most accurate in disorders causing diffuse changes throughout the liver and is subject to sampling error in focal infiltrative disorders such as hepatic metastases.

-Ultrasonography is used for visualizing subcutaneous body structures including tendons, muscles, joints, vessels and internal organs including the liver. It shows spaceoccupying lesions within the liver, enables the clinician to distinguish between cystic and solid masses, and helps direct percutaneous biopsies. Ultrasound with Doppler imaging can detect the patency of the portal vein, hepatic artery, and hepatic veins and determine the direction of blood flow. These batteries of analyses are necessary to identify and diagnose diverse liver diseases.

However, they may prove insufficient in certain liver conditions like malignant disease.

Based mainly on an assessment of hepatic function, those tests can only detect abnormalities at late stages, underscoring the need for new detection markers, able to identify malignant diseases at early stages.

In the following section, I will describe the main diseases affecting the hepatic system.

G. Pathologies of the liver

Because of its strategic location and multidimensional functions, the liver is prone to many diseases, mainly of two different origins, a genetic background or an inflammatory environment that may further trigger tumor development. Here, I will describe the different hepatic pathologies, however, to better introduce the context of my research, I will place more emphasis on the different inflammatory diseases and how they constitute an environment prone to tumor development.

Hereditary/Genetic disease:

Genetic disorders correspond to a pathological condition caused by an absent or defective gene or by a chromosomal aberration. This aberration is encoded within the genome and is heritable in a recessive or dominant way.

a) Hemochromatosis

Hemochromatosis is an inherited disorder of iron metabolism, affecting 5 out of 1000 persons, in which an inappropriate increase in intestinal iron absorption results in deposition of excessive amounts of iron in parenchymal cells with eventual tissue damage and impaired organ function. Hereditary hemochromatosis is most often caused by a mutant gene, termed HFE (for High Iron Fe), which is tightly linked to the HLA-A locus on chromosome 6p [START_REF] Ajioka | Recombinations defining centromeric and telomeric borders for the hereditary haemochromatosis locus[END_REF], although rarer forms of non-HFE hemochromatosis have recently been described [START_REF] Pietrangelo | Non-HFE hemochromatosis[END_REF]. The protein encoded regulates iron absorption by modulating the interaction of the transferrin with its receptor [START_REF] Feder | The hemochromatosis gene product complexes with the transferrin receptor and lowers its affinity for ligand binding[END_REF]. A homozygous G A mutation resulting in a cysteine to tyrosine substitution at position 282 (C282Y) is the most common mutation.

A second, relatively common HFE mutation (H63D) results in a substitution of histidine to aspartic acid at codon 63. Homozygosity for H63D is not associated with clinically significant iron overload. Some compound heterozygotes (e.g., one copy each of C282Y and H63D) have moderately increased body iron stores but develop clinical disease only with cofactors such as heavy alcohol intake or hepatic steatosis. Thus, HFE-associated hemochromatosis is inherited as an autosomal recessive trait; heterozygotes have no, or minimal, increase in iron stores. One third of the non-treated cases will develop HCC due to fibrosis [START_REF] Ropero | The H63D mutation in the HFE gene is related to the risk of hepatocellular carcinoma[END_REF][START_REF] Jin | Association between C282Y and H63D mutations of the HFE gene with hepatocellular carcinoma in European populations: a meta-analysis[END_REF]).

b) α-1 antitrypsin deficiency

α-1 antitrypsin deficiency is an autosomal co dominant genetic disorder caused by defective production of α 1-antitrypsin (A1AT), leading to decreased A1AT activity in the blood and lungs, and deposition of excessive abnormal A1AT protein in liver cells. There are several forms and degrees of deficiency, principally depending on whether the sufferer has one or two copies of the affected gene.

c) Wilson's disease

Wilson's disease is an autosomal recessive disorder caused by mutations in the ATP7B [START_REF] Fauci | Principles of Internal medicine[END_REF].

d) Gilbert's syndrome

Also called Gilbert-Meulengracht syndrome, it is the most common hereditary cause of increased bilirubin and is found in up to 5% of the population. A major characteristic is jaundice, caused by elevated levels of unconjugated bilirubin in the bloodstream (hyperbilirubinemia). The cause of this hyperbilirubinemia is the reduced activity of the enzyme glucuronyltransferase, which conjugates bilirubin and some other lipophilic molecules. As described above, conjugation renders the bilirubin water-soluble, after which it is excreted in bile into the duodenum.

Inflammatory diseases

Inflammation is a beneficial host response to foreign invaders and necrotic tissue, but it is itself capable of causing tissue damage. The main components of inflammation are a vascular reaction and a cellular response; both are activated by mediators that are derived from plasma proteins and various cells. The steps of the inflammatory response can be remembered as the five Rs: (1) Recognition of the injurious agent, (2)

Recruitment of leukocytes, (3) Removal of the agent, (4) Regulation (control) of the response, and (5) Resolution (repair). Inflammation can be classified as either acute or chronic. Acute inflammation is the initial response of the body to harmful stimuli and is achieved by the increased movement of plasma and leukocytes (especially granulocytes)

from the blood into the injured tissues. A cascade of biochemical events propagates and matures the inflammatory response, involving the local vascular system, the immune system, and various cells within the injured tissue. Prolonged inflammation, known as chronic inflammation, leads to a progressive shift in the type of cells present at the site of inflammation and is characterized by simultaneous destruction and healing of the tissue from the inflammatory process. Several liver conditions can trigger chronic inflammation.

a) Hepatitis

Hepatitis is defined by the inflammation of the liver and characterized by the presence of inflammatory cells in the tissue of the organ. Hepatitis is acute when it lasts less than six months and chronic when it persists longer. The main risk factors associated with hepatitis are viral infection by hepatitis viruses A (HAV), B (HBV), C (HCV), D (HDV), and E (HEV) (Table 3) as well as alcohol intake. Among the hepatitis viruses, only HBV, HCV and HDV are associated with chronic infection and thus may trigger hepatocarcinogenesis.

(

1) Hepatitis A

Hepatitis A is an acute infectious disease of the liver. Hepatitis A (known for many years as "infectious hepatitis") is a benign, self-limited disease with an incubation period of 15 to 50 days (average 28 days). It was described as a contagious jaundice in antiquity (a recommended remedy was drinking of donkey urine, according to the Babylonian Talmud), and was a major problem for the military during World War II. HAV does not cause chronic hepatitis or a carrier state, and only rarely causes fulminant hepatitis. Case fatalities from HAV occur at a very low rate, about 0.1%, and seem to be more likely to occur when patients have preexisting liver disease from other causes such as HBV or alcohol toxicity. Nevertheless, HAV has the largest potential among the hepatitis viruses to cause epidemics. HAV occurs throughout the world and is endemic in countries with poor hygiene and sanitation, so that most natives of such countries have detectable antibodies to HAV by the age of ten. Clinical disease tends to be mild or asymptomatic (in children) and rare after childhood. Unfortunately, HAV infection in adults may create considerably greater morbidity than the innocuous childhood infection.

HAV is spread by ingestion of contaminated water and foods and is shed in the stool for 2 to 3 weeks before and 1 week after the onset of jaundice. HAV is not shed in any significant quantities in saliva, urine, or semen. Close personal contact with an infected individual during the period of fecal shedding, with fecal-oral contamination, accounts for most cases and explains the outbreaks in institutional settings such as schools and nurseries. Because HAV viremia is transient, blood-borne transmission of HAV occurs only rarely; therefore, donated blood is not specifically screened for this virus. In developing countries, the incidence of infectious particles in the water supply may exceed 35%, despite routine indicators of fecal pollution falling within acceptable limits.

Among developed countries, sporadic infections may be contracted by the consumption of raw or steamed shellfish (oysters, mussels, clams), which concentrate the virus from seawater contaminated with human sewage.

(2) Hepatitis B HBV can produce (1) acute hepatitis with recovery and clearance of the virus, (2) non progressive chronic hepatitis, (3) progressive chronic disease ending in cirrhosis, (4) fulminant hepatitis with massive liver necrosis, and (5) an asymptomatic carrier state.

HBV-induced chronic liver disease is an important precursor for the development of hepatocellular carcinoma (HCC). Figure 6 depicts the approximate frequencies of these outcomes.

Figure 6

The potential outcomes of hepatitis B infection in adults, with their approximate annual frequencies in developped contries. *Estimated rate of recovery from chronic hepatitis is 0.5-1% per year; **The risk of hepatocellular carcinoma is 0.02% per year for chronic hepatitis B and 2.5% per year when cirrhosis has developed [START_REF] Kumar | Basic Pathology[END_REF].

Globally, liver disease caused by HBV is an enormous problem, with an estimated worldwide carrier rate of approximately 400 million [START_REF] Kumar | Basic Pathology[END_REF]. About 80% of all chronic carriers live in Asia and the Western Pacific rim, where prevalence of chronic hepatitis B is more than 10%. HBV remains in blood during the last stages of a prolonged incubation period (4-26 weeks) and during active episodes of acute and chronic hepatitis (Figure 6). It is also present in all physiological and pathological body fluids, with the exception of stool. HBV is a resilient virus and can withstand extremes of temperature and humidity. Thus, whereas blood and body fluids are the primary vehicles of transmission, virus may also be spread by contact with body secretions such as semen, saliva, sweat, tears, breast milk, and pathological effusions. In endemic regions, vertical transmission from mother to child during birth constitutes the main mode of transmission. In areas of low prevalence, horizontal transmission via transfusion, blood products, dialysis, needle-stick accidents among health care workers, intravenous drug abuse, and sexual transmission (homosexual or heterosexual) constitute the primary mechanisms for HBV infection. In one-third of patients the source of infection is unknown. HBV infection in adults is mostly cleared, but vertical transmission produces a high rate of chronic infection.

HBV is a member of the Hepadnaviridae, a group of DNA-containing viruses that cause hepatitis in many animal species. HBV replication does not involve the integration of the virus in the DNA of the host cell, but integrated HBV is frequently found in cells. The integrated viruses generally have large deletions and rearrangements and usually become inactive. The genome of HBV is a partially double-stranded circular DNA molecule of 3200 nucleotides that encodes (Figure 7):

-The pre-core/core region of a nucleocapsid "core" protein (HBcAg, hepatitis B core antigen) and a pre-core protein designated HBeAg (hepatitis B "e" antigen). HBcAg is retained in the infected hepatocyte; HBeAg is secreted into the blood and is essential for establishing a persistent infection.

-Envelope glycoprotein (HBsAg, hepatitis B surface antigen), which may be produced and secreted into the blood in massive amounts. Blood HBsAg is immunogenic and can be visualized as spheres or tubules -A DNA polymerase with reverse transcriptase activity (genomic replication takes place through an intermediate RNA known as pregenomic RNA). In this process mutant viral genomes are frequently generated.

-HBV-X protein (HBx) which acts as a transcriptional transactivator for many viral and host genes, through interaction with various transcription factors. HBx, a 17kDa protein, is required for viral infectivity and may have a role in the causation of hepatocellular carcinoma. The open reading frame (ORF) encoding for HBx protein is recurrently integrated into the host genome and transcribed, leading to HBx expression in HCC tumour cells. HBx protein is mainly cytoplasmic but can also be detected at lower amounts in the nucleus [START_REF] Park | Chronic hepatitis B in hepatocarcinogenesis[END_REF] where it can alter expression of numerous genes involved in different cellular processes. Nevertheless, the main functions of HBx are attributed to the cytoplasmic fraction that affects several signaling molecules. In fact, HBx may contribute to the development of HCC by enhancing several signal transduction pathways such as Wnt/β-catenin involved in cell migration and proliferation, PI3K/Akt that plays a role in cell survival, Ras/MAPK influencing gene transcription and cell proliferation, pathways that will be described later.

Figure 7 Schematic organization of the hepatitis B virus genome.

The inner circles represent the full-length minus (-) strand (with the terminal protein attached to its 5′ end) and the incomplete plus (+) strand of the HBV genome. The thin black lines represent the 3.5, 2.4, 2.1 and 0.7 kilobase mRNA transcripts, which are all terminated near the poly(A) (polyadenylation) signal. The outermost coloured lines indicate the translated HBV proteins: that is, large, middle and small HBV surface proteins, polymerase protein, X protein, and core and pre-core proteins [START_REF] Rehermann | Immunology of hepatitis B virus and hepatitis C virus infection[END_REF].

On the other hand, HBx can also act as a transcriptional regulator activating potential oncogenes in the nucleus. HBx is able to directly bind and inactivate p53 through cytoplasmic sequestration of the tumour suppressor [START_REF] Truant | Direct interaction of the hepatitis B virus HBx protein with p53 leads to inhibition by HBx of p53 response element-directed transactivation[END_REF][START_REF] Elmore | Hepatitis B virus X protein and p53 tumor suppressor interactions in the modulation of apoptosis[END_REF]). Moreover, it can also alter numerous other mechanisms including cell cycle regulation, angiogenesis, telomerase function or DNA repair [START_REF] Park | Chronic hepatitis B in hepatocarcinogenesis[END_REF], essential machinery for maintaining cellular integrity. HBV, through HBx, may thus interfere with several signaling pathways and alter expression of numerous genes [START_REF] Feitelson | Parallel epigenetic and genetic changes in the pathogenesis of hepatitis virus-associated hepatocellular carcinoma[END_REF].

The life cycle of hepatitis B virus is complex. Hepatitis B is one of a few known nonretroviral viruses which use reverse transcription as a part of its replication process.

The virus gains entry into the cell by binding to an unknown receptor on the surface of the cell and enters it by endocytosis (Figure 8). Because the virus multiplies via RNA made by a host enzyme, the viral genomic DNA has to be transferred to the cell nucleus by host proteins called chaperones. The partially double stranded viral DNA is then made fully double stranded and transformed into covalently closed circular DNA (cccDNA) that serves as a template for transcription of four viral messenger RNAs (mRNAs). The largest mRNA, (which is longer than the viral genome), is used to make the new copies of the genome and to make the capsid core protein and the viral DNA polymerase. These four viral transcripts undergo additional processing and go on to form progeny virions which are released from the cell or returned to the nucleus and recycled to produce even more copies [START_REF] Beck | Hepatitis B virus replication[END_REF][START_REF] Bruss | Hepatitis B virus morphogenesis[END_REF]. The long mRNA is then transported back to the cytoplasm where the viral polymerase protein synthesizes DNA via its reverse transcriptase activity.

Eight HBV genotypes (A-H) have been described, based on genomic sequence divergence [START_REF] Pujol | Genotypic variability of hepatitis viruses associated with chronic infection and the development of hepatocellular carcinoma[END_REF][START_REF] Liu | Hepatitis B virus-related hepatocellular carcinoma: epidemiology and pathogenic role of viral factors[END_REF]. These have distinct geographical and ethnic distributions: genotypes A and D prevail in Africa, Europe, and India; genotypes B and C in Asia; genotype E only in West Africa; and genotype F in Central and South America [START_REF] Liu | Hepatitis B virus-related hepatocellular carcinoma: epidemiology and pathogenic role of viral factors[END_REF]. It is reported that HBV genotype affects clinical outcome and treatment responses. For example, in Asia, genotype C is commonly found to be associated with more severe liver disease, cirrhosis and the development of HCC, compared to genotype B [START_REF] Liu | Hepatitis B virus-related hepatocellular carcinoma: epidemiology and pathogenic role of viral factors[END_REF] whereas in Western Europe and North America, genotype D is more associated with severe liver disease and a higher incidence of HCC, than genotype A. In addition to viral genotype, specific viral genomic mutations, particularly the BCP T1762/A1764 mutation, also correlate with HCC risk [START_REF] Liu | Hepatitis B virus-related hepatocellular carcinoma: epidemiology and pathogenic role of viral factors[END_REF][START_REF] Gomaa | Hepatocellular carcinoma: epidemiology, risk factors and pathogenesis[END_REF].

Figure 8 HBV life cycle

After entry to the cell, hepatitis B virus (HBV) nucleocapsids transport their cargo, the genomic HBV DNA, to the nucleus, where the relaxed circular DNA is converted into covalently closed circular (ccc) DNA. The cccDNA functions as the template for the transcription of four viral RNAs (of 0.7 kilobases (kb), 2.1 kb, 2.4 kb and 3.5 kb), which are exported to the cytoplasm and used as mRNAs for the translation of the HBV proteins. The longest (pre-genomic) RNA also functions as the template for replication, which occurs within nucleocapsids in the cytoplasm. Nucleocapsids are enveloped during their passage through the endoplasmic reticulum (ER) and/or Golgi complex and are then secreted from the cell [START_REF] Rehermann | Immunology of hepatitis B virus and hepatitis C virus infection[END_REF].

After exposure to the virus, there is a long 45-to 160-day, (average 120 days) asymptomatic incubation period, which may be followed by acute disease lasting many weeks to months. The natural course of acute disease can be followed by serum markers (Figure 9).

Figure 9 Sequence of serologic markers in acute hepatitis B infection

A, Resolution of active infection. B, Progression to chronic infection [START_REF] Kumar | Basic Pathology[END_REF]).

HBsAg appears before the onset of symptoms, peaks during overt disease, and then declines to undetectable levels in 3 to 6 months. Anti-HBsAg antibody does not rise until the acute disease is over and is usually not detectable for a few weeks to several months after the disappearance of HBsAg. Anti-HBsAg may persist for life, conferring protection; this is the basis for current vaccination strategies using noninfectious HBsAg. HBeAg, HBV-DNA, and DNA polymerase appear in serum soon after HBsAg, and all signify active viral replication. Persistence of HBeAg is an important indicator of continued viral replication, infectivity and probable progression to chronic hepatitis. The appearance of anti-HBe antibodies implies that an acute infection has peaked and is on the wane. IgM anti-HBc becomes detectable in serum shortly before the onset of symptoms, concurrent with the onset of elevated serum aminotransferase levels (indicative of hepatocyte destruction). Over a period of months the IgM anti-HBc antibody is replaced by IgG anti-HBcAg. As in the case of anti-HAV, there is no direct assay for IgG anti-HBcAg, but its presence is inferred from the decline of IgM anti-HBcAg in the face of rising levels of total anti-HBcAg.

Occasionally, mutated strains of HBV emerge that do not produce HBeAg but are replication competent and express HBcAg. In such patients, the HBeAg may be low or undetectable despite the presence of a HBV viral load. A second ominous development is the appearance of vaccine-induced escape mutants, which replicate in the presence of vaccine-induced immunity. For instance, replacement of arginine at amino acid 145 of HBsAg with glycine significantly alters recognition of HBsAg by anti-HBsAg antibodies.

The host immune response to the virus is the main determinant of the outcome of the infection. The mechanisms of innate immunity protect the host during the initial phases of the infection, and a strong response by virus-specific CD4+ and CD8+ IFNγ-producing T cells are associated with the resolution of acute infection. There are several reasons to believe that HBV does not cause direct hepatocyte injury. Most importantly, many chronic carriers have virions in their hepatocytes with no evidence of cell injury.

Hepatocyte damage is believed to result from damage to the virus-infected cells by CD8+ cytotoxic T cells. Thus, the immune response has to be properly calibrated to clear the virus without causing widespread liver damage.

Hepatitis B can be prevented by vaccination and by the screening of donor blood, organs, and tissues. The vaccine is prepared from purified HBsAg produced in yeast. Vaccination induces a protective anti-HBs antibody response in 95% of infants, children, and adolescents. Universal vaccination has had notable success in Taiwan and Gambia, but unfortunately, it has not been adopted worldwide.

In populations of patients with chronic hepatitis B who are at risk for HCC, the risk is highest for those with continued, high-level HBV replication. Therefore, management of chronic hepatitis B is directed at suppressing the level of virus replication. To date, five drugs have been approved for treatment of chronic hepatitis B: injectable interferon (IFN) ; pegylated interferon [long-acting IFN bound to polyethylene glycol (PEG), known as PEG IFN]; and the oral agents lamivudine, adefovir dipivoxil, and entecavir, nucleoside analogues that inhibit reverse transcriptase and polymerase activity of HBV. Several other drugs, including emtricitabine, tenofovir, telbivudine, pradefovir, and clevudine, are in the process of efficacy testing in clinical trials.

(3) Hepatitis C

The hepatitis C virus (HCV) is a serious, worldwide public health problem affecting an estimated 120-170 million individuals [START_REF] Shepard | Global epidemiology of hepatitis C virus infection[END_REF]. There is currently no effective vaccine (Leroux-Roels 2005). The major route of transmission is through blood inoculation, with intravenous drug use. Transmission via blood products is now fortunately rare, accounting for only 4% of all acute HCV infections. Occupational exposure among health care workers accounts for 4% of cases. The rates of sexual transmission and vertical transmission are also low.

In contrast to HBV, the HCV genome does not enter in the nucleus of infected cells Instead, HCV RNA functions directly as an mRNA in the cytoplasm of the host cell, where translation is initiated through an internal ribosomal entry site in the 5′ UTR (Figure 10). The HCV genome encodes 10 proteins, sequentially designated C-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B (Figure 11). The structural proteins, core (C), envelope 1 (E1), and envelope 2 (E2), along with the viral RNA and host-cell-derived lipid envelope, make up the physical virion. Nonstructural protein 2 (NS2) is an autoprotease that catalyzes a single cleavage at the NS2-3 junction, and NS3-4A processes the remainder of the nonstructural proteins. NS3 also possesses helicase activity essential for RNA replication. NS4B is a highly hydrophobic protein that induces endoplasmic reticulum proliferation to produce a membranous web, the lipid-rich environment of genome replication [START_REF] Egger | Expression of hepatitis C virus proteins induces distinct membrane alterations including a candidate viral replication complex[END_REF]. NS5A is an RNA binding protein that plays an essential but unclear role in the replicase complex [START_REF] Huang | Hepatitis C virus nonstructural protein 5A (NS5A) is an RNAbinding protein[END_REF]). NS5A interacts with multiple host and viral protein partners [START_REF] Huang | Phosphorylation of hepatitis C virus NS5A nonstructural protein: a new paradigm for phosphorylation-dependent viral RNA replication?[END_REF]) and performs a key regulatory role in the switch between replication and infectious virus production. NS5B is the viral RNA-dependent RNA polymerase, which catalyzes the accumulation of positive-strand RNA through a negative-strand intermediate. RNA structural elements in the 5' and 3' UTRs, as well as in the polyprotein coding region, participate in this process.

The incubation period for hepatitis C ranges from 2 to 26 weeks, with a mean of 6 to 12 weeks (Figure 12). The clinical course of acute hepatitis C is asymptomatic in 75% of individuals and is easily missed. Thus, not much information is available for this phase of the disease. HCV RNA is detectable in blood for 1 to 3 weeks and is accompanied by elevations in serum aminotransferase. Although neutralizing anti-HCV antibodies develop within weeks to a few months, they do not confer effective immunity. Strong immune responses involving CD4+ and CD8+ cells are associated with self-limited HCV infections, but it is not known why only a minority of individuals is capable of clearing HCV infection.

Figure 12 Sequence of serologic markers in acute hepatitis C infection A, Resolution of active infection. B, Progression to chronic infection (Kumar, Abbas et al. 2007).

There are six major genotypes and dozens of subtypes of HCV that differ in their geographic distribution and their responsiveness to antiviral therapy [START_REF] Dustin | Flying under the radar: the immunobiology of hepatitis C[END_REF].

In persistent infection, circulating HCV-RNA is detectable, and aminotransferases show episodic elevations, or continuous elevation with fluctuating levels. In a small percentage of individuals, aminotransferase levels are persistently low even though their liver histology has not returned to normal. Increased enzyme activity may occur in the absence of clinical symptoms, presumably reflecting recurrent bouts of hepatocyte necrosis. Persistent infection is the hallmark of HCV infection, occurring in 80% to 85% of individuals with subclinical or asymptomatic acute infection (Figure 13). Cirrhosis develops in 20% of persistently infected individuals: it can be present at the time of diagnosis or may develop over 5 to 20 years. Alternatively, individuals may have documented chronic HCV infection for decades, without progressing to cirrhosis.

Fulminant hepatitis is rare.

Figure 13 The potential outcomes of hepatitis C infection in adults, with their approximate annual frequencies.

*The risk of hepatocellular carcinoma is 1% to 4% per year [START_REF] Kumar | Basic Pathology[END_REF].

Patients with chronic hepatitis C who have detectable HCV RNA in serum and chronic hepatitis of at least moderate grade and stage (portal or bridging fibrosis) are candidates for antiviral therapy with PEG IFN plus ribavirin, a member of the nucleoside antimetabolite drugs that interfere with duplication of viral genetic material. The role of HCV infection during HCC development will be detailled later.

(4) Hepatitis D Also called hepatitis delta virus, HDV is a unique RNA virus that is replication defective, causing infection only when it is encapsulated by HBsAg. Thus, though taxonomically distinct from HBV, HDV is absolutely dependent on HBV coinfection for multiplication.

Delta hepatitis arises in two settings: (1) acute coinfection after exposure to serum containing both HDV and HBV and (2) superinfection of a chronic carrier of HBV with a new inoculum of HDV. In the first case, HBV infection must become established before HBsAg is available for the development of complete HDV virions. Most coinfected individuals can clear the viruses and recover completely. The course is different in superinfected individuals. In most cases, there is an acceleration of hepatitis, progressing to more severe chronic hepatitis 4 to 7 weeks later.

Infection by HDV is worldwide, with prevalence rates ranging from 8% among HBsAg carriers in southern Italy to as high as 40% in Africa and the Middle East. Surprisingly, HDV infection is uncommon in Southeast Asia and China, areas in which HBV infection is endemic. Periodic epidemic outbreaks have occurred in subtropical areas of Peru, Colombia, and Venezuela. In the United States, HDV infection is largely restricted to drug addicts and individuals receiving multiple transfusions (e.g., hemophiliacs), who have prevalence rates of 1% to 10%.

HDV RNA and the HDV Ag are detectable in the blood and liver just before and in the early days of acute symptomatic disease. IgM anti-HDV antibody is the most reliable indicator of recent HDV exposure, but its appearance is transient. Nevertheless, acute coinfection by HDV and HBV is best indicated by detection of IgM against both HDV Ag and HBcAg (denoting new infection with HBV). With chronic delta hepatitis arising from HDV superinfection, HBsAg is present in serum; and anti-HDV antibodies (IgM and IgG) persist in low titer for months or longer.

(5) Hepatitis E HEV hepatitis is an enterically transmitted, waterborne infection occurring primarily after infancy. HEV is endemic in India (where it was first documented as caused by fecal contamination of drinking water). Prevalence rates of anti-HEV IgG antibodies approach 40% in the Indian population. Epidemics have been reported from Asia, sub-Saharan Africa, and Mexico. Sporadic infection seems to be uncommon; it is seen mainly in travelers and accounts for more than 50% of cases of sporadic acute viral hepatitis in India. In most cases, the disease is self-limited and is not associated with chronic liver disease or persistent viremia. A characteristic feature of the infection is the high mortality rate among pregnant women, approaching 20%. The average incubation period after exposure is 6 weeks (range, 2-8 weeks).

HEV is a non enveloped, single-stranded RNA virus that is best characterized as a calicivirus. A specific antigen (HEV Ag) can be identified in the cytoplasm of hepatocytes during active infection. Virus can be detected in stools, and anti-HEV IgG and IgM antibodies are detectable in serum.

(6) Alcoholic hepatitis

Chronic alcohol consumption has a variety of adverse effects. Of great impact, however, are the three distinctive, albeit overlapping, forms of alcoholic liver disease: (1) hepatic steatosis (fatty liver), (2) alcoholic hepatitis, and (3) cirrhosis, collectively referred to as alcoholic liver disease. Ninety to 100% of heavy drinkers develop fatty liver (steatosis), and of those, 10% to 35% develop alcoholic hepatitis. However, only 8% to 20% of chronic alcoholics develop cirrhosis. Steatosis and alcoholic hepatitis may develop independently, and thus, they do not necessarily represent a continuum of changes (Figure 14).

After consumption, alcohol is absorbed unaltered in the stomach and small intestine. It is then distributed to all the tissues and fluids of the body in direct proportion to the blood level. Less than 10% is excreted unchanged in the urine, sweat, and breath. Most of the alcohol in the blood is biotransformed to acetaldehyde in the liver by three enzyme systems consisting of alcohol dehydrogenase, cytochrome P-450 isoenzymes and catalase. Catalase activity, which utilizes hydrogen peroxide as substrate, is of minor importance, because it metabolizes no more than 5% of ethanol in the liver.

Acetaldehyde produced by alcohol metabolism through these systems is converted to acetate by acetaldehyde dehydrogenase, which is then utilized in the mitochondrial respiratory chain. The main enzyme system involved in alcohol metabolism is alcohol dehydrogenase, located in the cytosol of hepatocytes. At high blood alcohol levels, the microsomal ethanol-oxidizing system participates in the metabolism.

Figure 14 Alcoholic liver disease.

The interrelationships among hepatic steatosis, hepatitis, and cirrhosis are shown, along with a depiction of key morphological features at the microscopic level [START_REF] Kumar | Basic Pathology[END_REF]).

This system involves cytochrome P-450 enzymes, particularly the CYP2E1 isoform, located in the smooth ER. Induction of P-450 enzymes by alcohol explains the increased susceptibility of alcoholics to other compounds metabolized by the same enzyme system, which include drugs (acetaminophen, cocaine), anesthetics, carcinogens and industrial solvents.

The transition between fatty liver and the development of alcoholic hepatitis is blurred.

The hallmark of alcoholic hepatitis is hepatocyte injury characterized by ballooning degeneration, spotty necrosis, polymorphonuclear infiltrate and fibrosis in the perivenular and perisinusoidal space of Disse. Alcoholic hepatitis is thought to be a precursor to the development of cirrhosis. However, like fatty liver, it is potentially reversible with cessation of drinking. Cirrhosis is present in up to 50% of patients with biopsy-proven alcoholic hepatitis and its regression is uncertain, even with abstention.

b) Cirrhosis

Cirrhosis is a consequence of chronic liver disease characterized by replacement of liver tissue by fibrosis, scar tissue and regenerative nodules (lumps that occur as a result of a process in which damaged tissue is regenerated) leading to loss of liver function.

Cirrhosis is most commonly caused by alcoholism, hepatitis B and C, and fatty liver disease, but has many other possible causes.

(

1) Alcoholic cirrhosis

Intake of ethanol increases intracellular accumulation of triglycerides by increasing fatty acid uptake and by reducing fatty acid oxidation and lipoprotein secretion. Protein synthesis, glycosylation, and secretion are impaired. Oxidative damage to hepatocyte membranes occurs due to the formation of reactive oxygen species; acetaldehyde is a highly reactive molecule that combines with proteins to form protein-acetaldehyde adducts. These adducts may interfere with specific enzyme activities, including microtubular formation and hepatic protein trafficking. With acetaldehyde-mediated hepatocyte damage, certain reactive oxygen species can result in Kupffer cell activation.

As a result, profibrogenic cytokines are produced that initiate and perpetuate stellate cell activation, with the resultant production of excess collagen and extracellular matrix.

Connective tissue appears in both periportal and pericentral zones and eventually connects portal triads with central veins forming regenerative nodules. Hepatocyte loss occurs, and with increased collagen production and deposition, together with continuing hepatocyte destruction, the liver contracts and shrinks in size. This process generally takes from years to decades to occur and requires repeated insults.

(

2) Cirrhosis due to chronic viral hepatitis B or C

Of patients exposed to the hepatitis C virus (HCV), approximately 80% develop chronic hepatitis C, and of those, about 20-30% will develop cirrhosis over 20-30 years. Many of these patients have had concomitant alcohol use, and the true incidence of cirrhosis due to hepatitis C alone is unknown. Nonetheless, this represents a significant number of patients. It is expected that an even higher percentage will go on to develop cirrhosis over longer periods of time. Progression of liver disease due to chronic hepatitis C is characterized by portal-based fibrosis with bridging fibrosis and nodularity, ultimately culminating in the development of cirrhosis. In cirrhosis due to chronic hepatitis C, the liver is small and shrunken with characteristic features of a mixed micro-and macronodular cirrhosis seen on liver biopsy. In addition to the increased fibrosis that is seen in cirrhosis due to hepatitis C, an inflammatory infiltrate is found in portal areas with interface hepatitis and occasionally some lobular hepatocellular injury and inflammation.

Similar findings are seen in patients with cirrhosis due to chronic hepatitis B. Of patients exposed to hepatitis B, about 5% develop chronic hepatitis B, and about 20% of those patients will go on to develop cirrhosis. Special stains for HBc and HBsAg will be positive, and ground glass hepatocytes signifying HBsAg may be present. In parts of the world where HBV is endemic (i.e., Southeast Asia, sub-Saharan Africa), up to 15% of the population may be infected having acquired the infection vertically at the time of birth.

Thus, over 300-400 million individuals are thought to have hepatitis B worldwide.

Neoplasia

Cell growth and maturation are normal events in organ development during embryogenesis, growth, tissue repair and remodeling after injury. Disordered regulation of these processes can result in loss of control over cell growth, differentiation, and spatial confinement leading to neoplasia or tumor development. Carcinogenesis is a result of stepwise alterations in cellular function. First, aberrant events in normal cells trigger abnormal proliferation so called hyperplasia. Hyperplasia is considered to be a physiological (normal) response to a specific stimulus, and the cells of a hyperplastic growth remain subject to normal regulatory control mechanisms, however in a tumor context, transformed cells proliferate in a non-physiological manner which is unresponsive to normal stimuli. Then cells can start to dedifferentiate, losing their specialized features leading to dysplasia. Tumor cells that have retained many of their specialized tissue functions and that are very similar appearing to their normal cellular counterparts are identified as well differentiated. Conversely, tumor cells that have lost much of their functions and that bear little similarity to their normal counterparts are identified as poorly differentiated. Poorly differentiated tumors are sometimes so abnormal that their cell or organ of origin cannot be recognized. However, although poorly differentiated tumor cells may have lost much of their specialized functions, their cellular ancestry can often still be recognized by more primitive characteristics. At this stage, tumor cells are still considered as benign since they are well delimited. However, tumor cells may acquire the ability to invade surrounding tissues, leading to the appearance of a malignant tumor. The last possible step in this process is the ability of the cells to spread to other sites within the body ("metastasize") by penetrating or entering into the lymphatic vessels ("regional metastasis") and/or the blood vessels ("distant metastasis") (Figure 15). These phenotypic changes confer proliferative, invasive and metastatic potential that are the hallmarks of cancer.

Tumor cells therefore enjoy a certain degree of autonomy and more or less gradually increase in size regardless of their local environment and the nutritional status of the host. Their autonomy is by no means complete, however. Some tumors require endocrine support, and such dependencies can sometimes be exploited to the disadvantage of the tumor. All tumors depend on the host for their nutrition and blood supply.

Neoplasia describes a large number of human diseases with extremely diverse characteristics. Therefore, the classification of neoplastic diseases into categories and subcategories is of great value in understanding, diagnosing, studying and developing treatments for them. 

a) Hepatic benign tumors

Three common benign tumors occur and all are found predominantly in women. They are hemangiomas, adenomas and focal nodular hyperplasia (FNH). FNH is typically benign and usually no treatment is needed. Hemangiomas are the most common and are entirely benign. Treatment is unnecessary unless their expansion causes symptoms.

Adenomas are associated with contraceptive hormone use. They can cause pain and can bleed or rupture, causing acute problems. Their main interest for the physician is a low potential for malignant change and a 30% risk of bleeding. For this reason, considerable effort has gone into differentiating these three entities radiologically. Upon discovery of a liver bulk, patients are usually advised to stop taking sex steroids, since adenoma regression may then occasionally occur. Adenomas can often be large masses ranging from 8-15 cm. Due to their size and definite, but low, malignant potential and potential for bleeding, adenomas are typically resected and occur in less than 0.004% of the population at risk.

b) Cholangiocarcinoma

Cholangiocarcinoma is a relatively rare adenocarcinoma (glandular cancer), with an annual incidence of 1-2 cases per 100,000 in the Western world but rates of cholangiocarcinoma have been rising worldwide over the past several decades [START_REF] Patel | Worldwide trends in mortality from biliary tract malignancies[END_REF].

Prominent symptoms of cholangiocarcinoma include abnormal liver function tests, abdominal pain, jaundice, weight loss, and sometimes generalized itching, fever, or changes in stool or urine color. The disease is diagnosed through a combination of blood tests, imaging, endoscopy and sometimes surgical exploration. Cholangiocarcinoma is often in an advanced stage by the time symptoms develop, which may limit treatment options. Known risk factors for cholangiocarcinoma include primary sclerosing cholangitis (an inflammatory disease of the bile ducts), congenital liver malformations, infection with the parasitic liver flukes Opisthorchis viverrini or Clonorchis sinensis, and exposure to Thorotrast (thorium dioxide), a chemical formerly used in medical imaging.

However, most patients with cholangiocarcinoma have no specific risk factors.

Cholangiocarcinoma is considered to be an incurable and rapidly lethal disease unless all of its tumors can be fully resected, but unfortunately most patients have advanced and inoperable disease at the time of diagnosis. Patients with cholangiocarcinoma are generally managed, though never cured, with chemotherapy or radiation therapy as well as palliative care measures, and these are also used as adjuvant therapies post-surgically in cases where resection has been successful. Some areas of ongoing medical research in cholangiocarcinoma include the use of newer targeted therapies (such as erlotinib) or photodynamic therapy for treatment, and the concentration of byproducts of cancer stromal cell formation in the blood for diagnosis.

c) Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the most common type of liver cancer. My work has focused on this pathology and I will expand on it further in the following section.

II. HCC : epidemiology, risk factors, treatment, current research

Hepatocellular carcinoma (HCC) is the most frequent liver tumor derived from the malignant transformation of hepatocytes. HCC is a major cause of cancer mortality worldwide and due to its late detection, the overall prognosis is generally poor.

Understanding the etiology, epidemiology, pathophysiology, molecular biology and clinical features of HCC are important to provide appropriate patient care. In addition, understanding the limitations of our current knowledge is crucial to guide future research.

A. Epidemiology

Liver cancer is the fifth most common cancer in men (523 000 cases, 7.9% of the total) and the seventh in women (226 000 cases, 6.5% of the total), and most of the burden (85%) occurs in developing countries, and particularly in men: the overall sex ratio male: female is 2.4 [START_REF] Ferlay | Estimates of worldwide burden of cancer in 2008: GLOBOCAN 2008[END_REF]. Potential reasons for this gender distribution include: men having higher rates of environmental exposure to liver carcinogens (such as smoking or alcohol) and hepatitis virus infections; estrogen effects suppressing interleukin (IL)-6-mediated inflammation in women, reducing both liver injury and compensatory proliferation; testosterone effects increasing androgen receptor signaling in men, promoting liver cell proliferation [START_REF] Naugler | Gender disparity in liver cancer due to sex differences in MyD88-dependent IL-6 production[END_REF]).

Regions of higher incidence include Eastern and South-Eastern Asia, Middle and

Western Africa, but also Melanesia and Micronesia/Polynesia (particularly in men). Low rates are estimated in developed regions, with the exception of Southern Europe where the incidence in men (10.5 per 100,000) is significantly higher than in other developed regions (Figure 16). There were an estimated 694 000 deaths from liver cancer in 2008 (477 000 in men, 217 000 in women), and because of its high fatality (overall ratio of mortality to incidence of 0.93), liver cancer is the third most common cause of death from cancer worldwide. The geographical distribution of the mortality rates is similar to that observed for incidence (Figure 17) [START_REF] Ferlay | Estimates of worldwide burden of cancer in 2008: GLOBOCAN 2008[END_REF].

The incidence of HCC increases with age, reaching its highest prevalence among those aged over 65 [START_REF] Parikh | Hepatocellular cancer: a guide for the internist[END_REF]. Although HCC is rare before the age of 50 in North America and Western Europe [START_REF] Bosch | Primary liver cancer: worldwide incidence and trends[END_REF]), a shift in incidence towards younger persons has been noted in the last two decades. HCC tends to occur in the background of cirrhosis of the liver. In western countries, this holds true in over 90% of cases, whereas in Asia and Africa the percentage of cases of HCC is higher in individuals with non-cirrhotic livers, compared to those with cirrhotic livers [START_REF] Gomaa | Hepatocellular carcinoma: epidemiology, risk factors and pathogenesis[END_REF].

B. Risk factors

Most patients with hepatocellular carcinoma (HCC) have liver cirrhosis, which develops following long periods of chronic liver disease, induced by previous risk factors exposure. Half of all cases of HCC are associated with hepatitis B virus infection, with a further 25% associated with hepatitis C virus [START_REF] Gurtsevitch | Human oncogenic viruses: hepatitis B and hepatitis C viruses and their role in hepatocarcinogenesis[END_REF]. Alcoholic liver disease, nonalcoholic steatohepatitis, intake of aflatoxin-contaminated food, diabetes, and obesity are also known to be major risk factors for HCC development. There are multiple factors involved in the etiology of HCC, all of which have a direct impact on patient characteristics and disease course, and although a causative agent can often be identified, HCC remains an extremely complex condition associated with a poor prognosis. Additionally, the geographic variation in etiology means that information from different countries is needed in order to optimize surveillance methods and develop effective chemoprevention strategies. HBV infection causes acute and chronic liver disease, and has been shown to increase the risk for developing liver cancer 100-fold in chronic carriers [START_REF] Szabo | Similarities and differences in hepatitis B and C virus induced hepatocarcinogenesis[END_REF]). Infection with this virus is thought to cause HCC via both direct and indirect pathways. First, HBV infection causes hepatocyte injury and chronic necroinflammation, with subsequent hepatocyte proliferation, fibrosis, and cirrhosis. The continuous regeneration in cirrhosis leads to increased liver cell turnover and accumulation of genetic alterations in the host genome resulting in chromosomal rearrangements, activation of oncogenes, and inactivation of tumor suppressor genes [START_REF] But | Natural history of hepatitis-related hepatocellular carcinoma[END_REF]. HBV is able to integrate its DNA into host cells and so may act as a mutagenic agent, causing secondary chromosomal rearrangement and increasing genomic instability [START_REF] Szabo | Similarities and differences in hepatitis B and C virus induced hepatocarcinogenesis[END_REF]). In addition, the regulatory protein HBx is thought to transactivate genes involved in cell proliferation control, resulting in stimulation of the protein kinase C and nuclear factor kappa B (NF-kB) pathways, as well as deregulation of cell cycle control and interference with cellular DNA repair and apoptosis [START_REF] Feitelson | Hepatitis B virus in hepatocarcinogenesis[END_REF].

HCV infection causes chronic inflammation, cell death, proliferation, and cirrhosis of the liver [START_REF] But | Natural history of hepatitis-related hepatocellular carcinoma[END_REF]). Thus, HCV-related HCC is found almost exclusively in patients with cirrhosis [START_REF] But | Natural history of hepatitis-related hepatocellular carcinoma[END_REF]. The risk for developing HCC is 17-fold higher in HCV-infected patients [START_REF] Donato | Alcohol and hepatocellular carcinoma: the effect of lifetime intake and hepatitis virus infections in men and women[END_REF], although this risk varies depending on the degree of liver fibrosis at the time of HCV infection. Unlike HBV, HCV is an RNAcontaining virus and so is unable to integrate into the host genome. HCV therefore may cause HCC by various indirect mechanisms. For example, HCV core protein is thought to enter the host cell, where it localizes in the outer mitochondrial membrane as well as the endoplasmic reticulum and promotes oxidative stress. This results in activation of key signaling pathways such as the p38 mitogen-activated protein kinase and nuclear factor kappa B pathways, leading to upregulation of genes involved in cytokine production and subsequent inflammation, alterations in apoptotic pathways and tumor formation [START_REF] Sheikh | Hepatitis C virus infection: molecular pathways to metabolic syndrome[END_REF]. The nonstructural proteins of HCV, NS3, and NS5A are also thought to act as key mediators to induce oxidative stress and inflammation [START_REF] Sheikh | Hepatitis C virus infection: molecular pathways to metabolic syndrome[END_REF].

Heavy alcohol intake (50-70 g/day) is the most common cause of liver cirrhosis [START_REF] Heidelbaugh | Cirrhosis and chronic liver failure: part I. Diagnosis and evaluation[END_REF] and is a well established risk factor for HCC, although it is unclear whether HCC risk is also affected by light to moderate alcohol intake (El-

Serag and Rudolph 2007).

Alcohol is an important cofactor in patients with HCV infection, with HCV reported in 4.6%-55.5% of alcoholics [START_REF] Singal | Mechanisms of synergy between alcohol and hepatitis C virus[END_REF]. Patients with both HCV infection and alcohol abuse have been shown to develop more severe fibrosis and have higher rates of cirrhosis and HCC than nondrinkers [START_REF] Singal | Mechanisms of synergy between alcohol and hepatitis C virus[END_REF]. The risk for developing HCC has also been shown to increase as levels of alcohol intake rise [START_REF] Donato | Alcohol and hepatocellular carcinoma: the effect of lifetime intake and hepatitis virus infections in men and women[END_REF]. The mechanisms by which alcohol aggravates HCV-related liver disease are not clear, although several possibilities have been proposed, including:

greater HCV replication in the presence of alcohol; alcohol-associated changes in the hypervariable region of the viral genome, leading to more aggressive HCV-related liver disease and resistance to interferon therapy; and inhibition of hepatic expression of Bcl-2 by alcohol, resulting in increased apoptosis and more severe liver injury [START_REF] Singal | Mechanisms of synergy between alcohol and hepatitis C virus[END_REF]. However, the dominant mechanism for synergism between alcohol and HCV infection appears to be increased oxidative stress. As mentioned above, HCV core protein localizes at the mitochondrial membrane and promotes oxidative stress. Ethanol potentiates this mitochondrial injury by further increasing reactive oxygen species (ROS) production and enhancing hepatic glutathione oxidation. Moreover, alcohol and HCV core protein act synergistically in causing lipid peroxidation and increasing hepatic TGF-β and TNF-α expression [START_REF] Singal | Mechanisms of synergy between alcohol and hepatitis C virus[END_REF].

Similar results were seen for HBV, with a two-fold higher odds ratio for each hepatitis virus infection for drinkers of 60 g/day [START_REF] Donato | Alcohol and hepatocellular carcinoma: the effect of lifetime intake and hepatitis virus infections in men and women[END_REF].

HCC in non cirrhotic livers is rare and mostly occurs as a result of HBV infection, as described earlier (El-Serag and Rudolph 2007). However, HCC in non cirrhotic livers can also occur as a result of contamination of foodstuffs with aflatoxin B1 (AFB1) [START_REF] Wild | Mycotoxins and human disease: a largely ignored global health issue[END_REF]. AFB1 is a mycotoxin produced by the Aspergillus fungus that grows readily on food when stored in warm, damp conditions (Abdel-Wahab, [START_REF] Abdel-Wahab | Aflatoxins as a risk factor for hepatocellular carcinoma in Egypt, Mansoura Gastroenterology Center study[END_REF].

When ingested, it is metabolized into the active AFB1-exo-8,9-epoxide, which binds to DNA, to form adducts and cause damage, including the production of mutations of the p53 tumor suppressor gene. Indeed, this mutation has been reported in 50% of HCC tumors in southern Africa, where AFB1 is a known risk factor for developing HCC [START_REF] Bressac | Selective G to T mutations of p53 gene in hepatocellular carcinoma from southern Africa[END_REF].

The effect of a synergistic interaction between AFB1 and HBV on the age of onset of HCC was specifically addressed in a study of Taiwanese patients. HBV-infected patients in whom tumour tissue was shown by histochemical staining to be positive for AFB1adducts were on average 10 years younger than those with adduct-negative tumours [START_REF] Chen | Aflatoxin B1 DNA adducts in smeared tumor tissue from patients with hepatocellular carcinoma[END_REF].

C. Natural history of HCC

Symptoms in HCC patients include abdominal pain, weight loss, weakness, abdominal fullness and swelling, jaundice and nausea. In countries with an active surveillance program, HCC tends to be identified at an earlier stage when symptoms may be due only to the underlying disease. However, HCC patient may be asymptotic, making detection much more difficult [START_REF] Fauci | Principles of Internal medicine[END_REF].

The diagnosis of HCC is usually made by radiological liver imaging in combination with the evaluation of serum α-fetoprotein (AFP), a tumor marker that is elevated in 60 to 70% of patients with HCC [START_REF] Okuda | Natural history of hepatocellular carcinoma and prognosis in relation to treatment. Study of 850 patients[END_REF]. Once the diagnosis is made, the next step is the staging. The main objective of tumor staging is to determine the prognosis of the disease and to establish the best therapeutic options for the patient.

Although the TNM (primary tumor, regional nodes, metastasis) staging is still used in clinics and has been used in the present study, several other prognostic classifications are also currently being used. These include the Okuda classification model, the Cancer of the Liver Italian Program (CLIP) score and finally, the Barcelona Clinic Liver Cancer (BCLC) staging system, which takes into account the hepatic function as a prognostic marker and offers a good prognosis evaluation [START_REF] Wong | Updates in the management of hepatocellular carcinoma[END_REF]. Patients with untreated HCC have a poor prognosis for survival, with overall 1-, 3-, and 5-year survival rates of 54%, 28%, and 7%, respectively. For the untreated patients at an advanced stage of HCC the 5-year survival rate is null [START_REF] Llovet | Natural history of untreated nonsurgical hepatocellular carcinoma: rationale for the design and evaluation of therapeutic trials[END_REF]. 

D. Treatment

These patients generally have a very poor prognosis and treatment options are mainly palliative. Even with treatment (such as transarterial chemoembolization, intra-arterial or systemic chemotherapy, radiotherapy, immunotherapy or hormonal therapy), the 5year relative survival rate for patients with HCC is only 7%, and very few patients with symptomatic disease survive for more than 1 year [START_REF] Bosch | Primary liver cancer: worldwide incidence and trends[END_REF]). The paucity of effective and well-tolerated treatments for advanced HCC [START_REF] Simonetti | Treatment of hepatocellular carcinoma: a systematic review of randomized controlled trials[END_REF]) highlights the need for new therapeutic approaches.

For years the only potential curative treatments have been partial hepatectomy and liver transplantation. Hepatectomy has been associated with a 5-year overall survival rates ranging from 30 to 60%. Despite this promising data, only 10 to 30% of HCC patients are eligible for surgical resection. HCC recurrence is observed in 50 to 80% of patients at 5 years after completion of the resection. Currently, liver transplantation is the most effective way to prolong the life of HCC patients.

For advanced stage HCC patients not eligible for resection, the only available option is chemotherapy. Almost all the chemotherapeutic agents have been tested in this disease, yet none have shown substantial activities or a clear survival benefit. Although it has limited activity (only 10 to 20% of positive response), doxorubicin is commonly used in clinics. 5-Fluouracil, alone or in combination with leucovorin or cisplatin, is also commonly used. Of all combination therapies, PIAF (cisplatin, interferon-alpha-2b, doxorubicin and 5-fluouracil) has shown some promising results with a 26% response rate that is being further evaluated in a randomized phase III trial against doxorubicin.

However, this combination carries a high risk of morbidity and careful patient selection is required. HCC cells carry several mechanisms of drug resistance, including a high level of dihydropyrimidine dehydrogenase which makes them resistant to 5-fluouracil [START_REF] Jiang | Dihydropyrimidine dehydrogenase activity in hepatocellular carcinoma: implication in 5-fluorouracil-based chemotherapy[END_REF]).

However, new drugs are being generated and investigated. Recently, various inhibitor molecules have entered clinical practice. As such, Sorafenib (Nexavar®) is one of the new therapeutic agents inhibiting pro-angiogenic and tumourigenic receptor tyrosine kinases (e.g., c-Kit; VEGFR-1, -2, -3; PDGFR-β). Its efficacy in the context of HCC treatment was demonstrated in two large phase III clinical trials [START_REF] Llovet | Sorafenib in advanced hepatocellular carcinoma[END_REF][START_REF] Cheng | Efficacy and safety of sorafenib in patients in the Asia-Pacific region with advanced hepatocellular carcinoma: a phase III randomised, double-blind, placebo-controlled trial[END_REF]). In addition, other therapeutics, such as Regorafenib (BAY 73-4506), are being investigated [START_REF] Wilhelm | Regorafenib (BAY 73-4506): a new oral multikinase inhibitor of angiogenic, stromal and oncogenic receptor tyrosine kinases with potent preclinical antitumor activity[END_REF].

HCC is a complex disease and better understanding the underlying mechanisms and the deregulated pathways will provide important information for developing specific/targeted chemotherapeutic agents capable of overcoming drug resistance. In addition, the delayed diagnosis and the lack of appropriate treatment for patients with advanced stages of HCC, highlight the need for new biomarkers for an early diagnosis.

III. Signaling pathways deregulated in HCC

HCC has a very complex molecular pathogenesis in which abnormalities in several critical cell signaling pathways trigger and maintain the carcinogenic process. These signaling cascades are of interest from a therapeutic perspective, because targeting them may help to reverse, delay or prevent hepatocarcinogenesis. In this respect, growth factor-mediated angiogenic signaling, vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), epidermal growth factor (EGF), insulin-like growth factor (IGF), hepatocyte growth factor (HGF)/c-MET), and the mitogen-activated protein kinase (MAPK), phosphatidylinositol-3 kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) and Wnt/β-catenin pathways are among the most important.

The liver is a highly vascular organ that depends on effective angiogenesis for cellular regeneration. Similarly, tumor growth, vascular invasion (the hallmark of invasive disease) and metastasis are also critically dependent on efficient angiogenesis [START_REF] Semela | Angiogenesis and hepatocellular carcinoma[END_REF]. In HCC, angiogenesis relies on autocrine and paracrine interactions between tumor cells, vascular endothelial cells and pericytes [START_REF] Folkman | Fundamental concepts of the angiogenic process[END_REF]. During the angiogenic process, the existing microvasculature is destabilized, leading to vascular hyperpermeability, remodeling of the cellular matrix and activation of endothelial cells [START_REF] Papetti | Mechanisms of normal and tumor-derived angiogenesis[END_REF]. Once activated, endothelial cells proliferate, migrate and undergo cord formation to form new microvessels [START_REF] Papetti | Mechanisms of normal and tumor-derived angiogenesis[END_REF]. Finally, pericytes are activated and recruited to stabilize the new blood vessels.

Normal angiogenesis is maintained by the balance between proangiogenic and antiangiogenic factors [START_REF] Semela | Angiogenesis and hepatocellular carcinoma[END_REF]. The angiogenic balance is disturbed in HCC as tumor cells, endothelial cells and pericytes secrete a net excess of angiogenic factors, triggering development of blood vessels. A number of angiogenic growth factors, including VEGF-A, angiopoietin-2 and PDGF, have been shown to be upregulated in HCC tumors at the level of gene expression and at the plasma protein level in patients with HCC compared with cirrhotic patients [START_REF] Mas | Angiogenesis soluble factors as hepatocellular carcinoma noninvasive markers for monitoring hepatitis C virus cirrhotic patients awaiting liver transplantation[END_REF]). The principal angiogenic factors involved are VEGFs, PDGFs, placental growth factors, TGFα and β, basic fibroblast growth factor, EGF, HGF, angiopoietins and interleukin-4 and -8 [START_REF] Folkman | Fundamental concepts of the angiogenic process[END_REF][START_REF] Semela | Angiogenesis and hepatocellular carcinoma[END_REF]. These growth factors and cytokines induce angiogenic signaling through a variety of mechanisms, including activation of the RAF/MEK/ERK, PI3K/AKT/mTOR and Janus kinase (JAK)/signal transducer and activator of transcription pathways (STAT) [START_REF] Roberts | Hepatocellular carcinoma: molecular pathways and new therapeutic targets[END_REF].

A. VEGF receptor signaling

One of the most intensely studied growth factors involved in angiogenesis is VEGF.

Studies of human tumor xenografts in immunodeficient mice showed that neutralization of VEGF inhibited tumor growth and decreased blood vessel density in a variety of tumor types [START_REF] Kim | Inhibition of vascular endothelial growth factor-induced angiogenesis suppresses tumour growth in vivo[END_REF]). Overexpression of VEGF may be induced by the hypoxic tumor environment (mediated by hypoxia-inducible factor 2-a), activation of EGF receptor (EGFR) and cyclo-oxygenase-2 signaling [START_REF] Avila | New therapies for hepatocellular carcinoma[END_REF][START_REF] Bangoura | Prognostic significance of HIF-2alpha/EPAS1 expression in hepatocellular carcinoma[END_REF]). Increased expression of VEGF and VEGF receptors (VEGFRs;

which include VEGFR-1, -2 and -3) has been observed in HCC cell lines and tissues, as well as in the serum of patients with HCC [START_REF] Shimamura | Detection of vascular endothelial growth factor and its receptor expression in human hepatocellular carcinoma biopsy specimens[END_REF][START_REF] Ng | Microvessel density, vascular endothelial growth factor and its receptors Flt-1 and Flk-1/KDR in hepatocellular carcinoma[END_REF][START_REF] Dhar | Requisite role of VEGF receptors in angiogenesis of hepatocellular carcinoma: a comparison with angiopoietin/Tie pathway[END_REF][START_REF] Poon | Prognostic significance of serum vascular endothelial growth factor and endostatin in patients with hepatocellular carcinoma[END_REF]). The HBx protein has also been associated with the upregulation of VEGFR-3 [START_REF] Lian | Hepatitis B x antigen up-regulates vascular endothelial growth factor receptor 3 in hepatocarcinogenesis[END_REF]. Furthermore, increased VEGF expression has been reported in cirrhotic and dysplastic liver tissue, suggesting a possible role for VEGF-mediated angiogenesis in hepatocarcinogenesis (El-Assal, [START_REF] El-Assal | Clinical significance of microvessel density and vascular endothelial growth factor expression in hepatocellular carcinoma and surrounding liver: possible involvement of vascular endothelial growth factor in the angiogenesis of cirrhotic liver[END_REF]. VEGF clearly has an important regulatory role in HCC; high levels of VEGF expression have been linked with HCC tumor grade [START_REF] Yamaguchi | Expression of vascular endothelial growth factor in human hepatocellular carcinoma[END_REF], poor outcome after resection [START_REF] Poon | Prognostic significance of serum vascular endothelial growth factor and endostatin in patients with hepatocellular carcinoma[END_REF]), disease recurrence, poor disease-free and overall survival [START_REF] Chao | Prognostic significance of vascular endothelial growth factor, basic fibroblast growth factor, and angiogenin in patients with resectable hepatocellular carcinoma after surgery[END_REF], vascular invasion [START_REF] Li | Significance of vascular endothelial growth factor mRNA expression in invasion and metastasis of hepatocellular carcinoma[END_REF]) and portal vein emboli [START_REF] Zhou | Expression of platelet-derived endothelial cell growth factor and vascular endothelial growth factor in hepatocellular carcinoma and portal vein tumor thrombus[END_REF]. proteins; activation of RAS signaling causes cell growth, differentiation and survival; dysregulated RAS signaling can lead to oncogenesis and cancer; SHC2, SRC homology 2 domain-containing (SHC)-transforming protein 2; SOS, son of sevenless; a guanine nucleotide exchange factor that acts on RAS-GTPases; so named because the SOS protein that it encoded was found to operate downstream of the sevenless gene in Drosophila melanogaster in a RAS/MAP kinase pathway; VEGFR, vascular endothelial growth factor receptor; Wnt, a signaling pathway made up of a complex network of proteins involved in embryogenesis, normal physiological processes and carcinogenesis; β-catenin , a subunit of the nuclear protein complex; an integral component of the Wnt/β-catenin signaling pathway [START_REF] Whittaker | The role of signaling pathways in the development and treatment of hepatocellular carcinoma[END_REF].

B. EGFR, IGF and HGF/c-MET signaling

Although the role of VEGF/VEGFR in HCC has gained more supportive evidence, the relevance of EGFR signaling involved in angiogenesis, in HCC is still debatable. EGFR has been found to be highly expressed in almost 70% of HCC [START_REF] Foster | COX-2 expression in hepatocellular carcinoma is an initiation event; while EGF receptor expression with downstream pathway activation is a prognostic predictor of survival[END_REF]). In addition, the elevated expression of TGF-α reported in preneoplastic HCC [START_REF] Feitelson | Early molecular and genetic determinants of primary liver malignancy[END_REF]), a ligand of the EGFR may indicate a role for EGFR signaling during early HCC.

The IGF signaling pathway is activated by binding of the ligands (IGF-1 and -2) to the membrane-bound receptor (IGF-1R) [START_REF] Alexia | An evaluation of the role of insulin-like growth factors (IGF) and of type-I IGF receptor signalling in hepatocarcinogenesis and in the resistance of hepatocarcinoma cells against drug-induced apoptosis[END_REF]). IGF-1R signaling regulates several cellular processes, including proliferation, motility and inhibition of apoptosis. Moreover, expression of IGF-1R is a key regulator for anchorage-independent growth [START_REF] Sekharam | Insulin-like growth factor 1 receptor enhances invasion and induces resistance to apoptosis of colon cancer cells through the Akt/Bcl-x(L) pathway[END_REF]. Ligand binding to IGF-1R triggers rapid receptor autophosphorylation, followed by phosphorylation of intracellular targets (mainly insulin receptor substrates 1-4), which in turn initiates downstream cellular effectors, finally leading to activation of PI3K, protein kinase B and the RAF/MEK/ERK pathway [START_REF] Pollak | Insulin-like growth factors and neoplasia[END_REF]). In HCC, dysregulation of IGF signaling occurs predominantly at the level of IGF-2 bioavailability. IGF-2 is overexpressed in 16-40% of human HCCs [START_REF] Cariani | Differential expression of insulin-like growth factor II mRNA in human primary liver cancers, benign liver tumors, and liver cirrhosis[END_REF], and IGF-2R (an alternative receptor for IGF-2) is underexpressed in approximately 80% of HCCs (De Souza, Hankins et al. 1995). This excess ligand availability leads to elevated receptor binding and subsequent downstream signaling through the MAPK and PI3K/AKT/ mTOR pathways. In animal models of HCC, IGF-2 overexpression correlated with increased cell proliferation [START_REF] Schirmacher | Reactivation of insulin-like growth factor II during hepatocarcinogenesis in transgenic mice suggests a role in malignant growth[END_REF], whereas inhibition of IGF-2 production in HCC cells reduced cell proliferation and increased apoptosis [START_REF] Lund | Autocrine inhibition of chemotherapy response in human liver tumor cells by insulin-like growth factor-II[END_REF].

HGF is a multifunctional cytokine that has been implicated in tumor invasion in several malignancies [START_REF] Matsumoto | Emerging multipotent aspects of hepatocyte growth factor[END_REF]. The HGF ligand exerts its effect by binding the high-affinity tyrosine kinase receptor c-MET, which is predominantly expressed on the surface of epithelial and endothelial cells. In addition to tissue regeneration, c-MET regulates cell proliferation, migration, survival, branching morphogenesis and angiogenesis. HGF-induced activation of c-MET leads to phosphorylation of adaptor proteins including GRB2 (growth factor receptor-bound protein 2) and GAB1 (GRB2-associated-binding protein 1), which then activate downstream effector molecules (including phospholipase C, PI3K and ERK). For example, activation of c-MET leads to recruitment of the GRB2/SOS (son of sevenless) complex to the plasma membrane [START_REF] Ponzetto | A multifunctional docking site mediates signaling and transformation by the hepatocyte growth factor/scatter factor receptor family[END_REF].

This translocation can result in GTP-loading on RAS, which initiates a protein cascade that subsequently leads to downstream activation of ERK through RAF and MEK [START_REF] Schlessinger | Cell signaling by receptor tyrosine kinases[END_REF]. Presumably, other pathways downstream of RAS are also activated.

c-MET overexpression, relative to levels in peritumorous liver tissue, is observed in 20-48% of HCC samples [START_REF] Boix | c-met mRNA overexpression in human hepatocellular carcinoma[END_REF][START_REF] Tavian | u-PA and c-MET mRNA expression is co-ordinately enhanced while hepatocyte growth factor mRNA is down-regulated in human hepatocellular carcinoma[END_REF]. Dysregulation of c-MET is associated with various molecular and genetic factors, and overexpression has been linked to decreased 5-year survival in patients with HCC [START_REF] Ueki | Expression of hepatocyte growth factor and its receptor, the cmet proto-oncogene, in hepatocellular carcinoma[END_REF]. Moreover, a c-MET-regulated expression signature defines a subset of HCC in humans; these patients have a poor prognosis and an aggressive phenotype (Kaposi-Novak, [START_REF] Kaposi-Novak | Met-regulated expression signature defines a subset of human hepatocellular carcinomas with poor prognosis and aggressive phenotype[END_REF].

C. The ERK/MAPK pathway

growth factors described above, and is thus a valid therapeutic target in HCC. Growthfactor binding results in receptor phosphorylation, which activates an adapter molecule complex known as GRB2/SHC/SOS. This in turn activates the RAF/MEK/ERK pathway, which triggers a cascade of specific phosphorylation events [START_REF] Avila | New therapies for hepatocellular carcinoma[END_REF].

Within the RAF/MEK/ERK pathway, the small GTPase RAS and the serine/threonine kinase RAF (of which there are three main isoforms-ARAF, BRAF and CRAF) are the key molecular signal regulators [START_REF] Kolch | Meaningful relationships: the regulation of the Ras/Raf/MEK/ERK pathway by protein interactions[END_REF][START_REF] Avila | New therapies for hepatocellular carcinoma[END_REF] [START_REF] Hwang | Over-expression of c-raf-1 proto-oncogene in liver cirrhosis and hepatocellular carcinoma[END_REF]). Furthermore, after immunohistochemical evaluation of tissue samples, there was an approximately sevenfold increase in MEK1/2 phosphorylation in HCC tissues, compared with that in adjacent benign liver tissues [START_REF] Huynh | Over-expression of the mitogen-activated protein kinase (MAPK) kinase (MEK)-MAPK in hepatocellular carcinoma: its role in tumor progression and apoptosis[END_REF]. The MAPK negative regulatory proteins RKIP (phosphatidylethanolamine binding protein 1) and the Sprouty (Spry)/Spred proteins are downregulated in HCC tumors, and this decrease is postulated to have a role in the excessive activation of the MAPK pathway observed in HCC [START_REF] Schuierer | Raf kinase inhibitor protein is downregulated in hepatocellular carcinoma[END_REF][START_REF] Yoshida | Spreds, inhibitors of the Ras/ERK signal transduction, are dysregulated in human hepatocellular carcinoma and linked to the malignant phenotype of tumors[END_REF]). Other studies using in vivo HCC models and human HCC tissue specimens have shown an increase in the expression and activity of signaling intermediates, such as phosphorylated ERK, compared with surrounding liver tissue [START_REF] Mckillop | Altered expression of mitogen-activated protein kinases in a rat model of experimental hepatocellular carcinoma[END_REF][START_REF] Ito | Activation of mitogen-activated protein kinases/extracellular signalregulated kinases in human hepatocellular carcinoma[END_REF][START_REF] Feng | Effect of phosphorylation of MAPK and Stat3 and expression of cfos and c-jun proteins on hepatocarcinogenesis and their clinical significance[END_REF]. In terms of the clinical relevance of RAF/MEK/ERK activation, MAPK/ERK activity was shown to correlate positively with tumor size, but not with HCC stage or the degree of differentiation in a histopathological investigation of 26 human HCC tissue samples [START_REF] Ito | Activation of mitogen-activated protein kinases/extracellular signalregulated kinases in human hepatocellular carcinoma[END_REF]. In a more recent immunohistochemical study of tumor samples taken from 208 patients with HCC who underwent resection or liver transplantation, ERK1/2 activation was shown to be associated with aggressive tumor behavior [START_REF] Schmitz | Activation of the ERK and AKT signalling pathway predicts poor prognosis in hepatocellular carcinoma and ERK activation in cancer tissue is associated with hepatitis C virus infection[END_REF]). More importantly, ERK1/2 activation was also shown to be an independent prognostic marker for decreased overall survival. Activation of the RAF/MEK/ERK pathway in solid tumors usually occurs by one of two main mechanisms. The first is through oncogenic mutations within the RAS gene, which lead to constitutive pathway activation through CRAF [START_REF] Gollob | Role of Raf kinase in cancer: therapeutic potential of targeting the Raf/MEK/ERK signal transduction pathway[END_REF]. Mutation of the NRAS gene has been reported in up to 30%

of HCC tumors [START_REF] Scharovsky | Inhibition of ras oncogene: a novel approach to antineoplastic therapy[END_REF][START_REF] Downward | Targeting RAS signalling pathways in cancer therapy[END_REF]); however, the COSMIC (Catalog of Somatic Mutations in Cancer) database suggests that this figure is closer to 4%, with KRAS being mutated in another 6% of cases [START_REF] Forbes | The Catalogue of Somatic Mutations in Cancer (COSMIC)[END_REF]. Mutations within the BRAF gene are extremely rare in HCC; only two are described on the COSMIC website [START_REF] Tannapfel | Mutations of the BRAF gene in cholangiocarcinoma but not in hepatocellular carcinoma[END_REF]. The second main mechanism for activating the RAF/MEK/ ERK pathway is constitutive CRAF activation resulting from dysregulated overexpression of growth factors and their receptors [START_REF] Gollob | Role of Raf kinase in cancer: therapeutic potential of targeting the Raf/MEK/ERK signal transduction pathway[END_REF]). Finally, it has been reported that the RAF/ MEK/ERK pathway can be activated through HBV infection in HCC. During chronic infection, HBV integrates into host DNA and expresses two transcriptional activators, both of which trigger activation of the RAF/MEK/ERK pathway [START_REF] Stockl | Integrity of c-Raf-1/MEK signal transduction cascade is essential for hepatitis B virus gene expression[END_REF]. The first activator, HBx protein, interacts with PIN1 (also overexpressed in HCC) [START_REF] Pang | Pin1 interacts with a specific serine-proline motif of hepatitis B virus X-protein to enhance hepatocarcinogenesis[END_REF]), which may enhance activation of the MAP pathway through dephosphorylation of CRAF, promoting its activation by RAS [START_REF] Dougherty | Regulation of Raf-1 by direct feedback phosphorylation[END_REF], whereas the second activator, PreS2-activator large surface protein, activates the pathway through a protein kinase C-dependent mechanism [START_REF] Stockl | Integrity of c-Raf-1/MEK signal transduction cascade is essential for hepatitis B virus gene expression[END_REF]. Note that it has previously been shown that when CRAF is activated downstream of protein kinase C, it occurs in a RAS-dependent manner [START_REF] Marais | Requirement of Ras-GTP-Raf complexes for activation of Raf-1 by protein kinase C[END_REF]) and hence it seems likely that CRAF activation downstream of protein kinase C in HCC cells is also RAS dependent.

HCV may also activate RAF kinase through its core protein [START_REF] Aoki | Hepatitis C virus core protein interacts with 14-3-3 protein and activates the kinase Raf-1[END_REF].

samples (314 from HCC tumoral tissue and 37 from non tumoral tissue) showing the critical role of mTOR signaling in hepatocarcinogenesis and a possible antitumoral therapy through the blockade of mTOR pathway [START_REF] Villanueva | Pivotal role of mTOR signaling in hepatocellular carcinoma[END_REF]. Taken together, these data suggest that the PI3K/ AKT/mTOR pathway has a critical role in the pathogenesis of HCC. Indeed, levels of the phosphorylated form of mTOR have been

shown to be elevated in 15% of cases of HCC, and levels of total p70 S6 kinase (the immediate substrate for phosphorylated mTOR) have been shown to be increased in 45% of cases [START_REF] Sahin | mTOR and P70 S6 kinase expression in primary liver neoplasms[END_REF]).

E. The Wnt/β-catenin pathway

A major and early carcinogenic event in the development of HCC seems to be the abnormal regulation of transcription factor β-catenin, a key component of the Wnt signaling pathway (de La Coste, [START_REF] De La Coste | Somatic mutations of the beta-catenin gene are frequent in mouse and human hepatocellular carcinomas[END_REF]). In the normal state, the binding of members of a family of soluble cysteine-rich glycoprotein ligands, the Wnts, to members of the Frizzled family of cell-surface receptors results in the activation of the Wnt signaling pathway [START_REF] Avila | New therapies for hepatocellular carcinoma[END_REF]. Receptor binding activates Dsh (downstream effector Dishevelled), which consequently prevents phosphorylation of βcatenin by glycogen synthase kinase-3b and its subsequent ubiquitination and proteasomal degradation. An ensuing increase in the cytoplasmic concentrations of βcatenin results in its translocation from the cytoplasm to the nucleus [START_REF] Avila | New therapies for hepatocellular carcinoma[END_REF]. Once in the nucleus, β-catenin acts as a coactivator to stimulate the transcription of genes and expression of gene products involved in cell proliferation (for example, c-myc, c-myb, c-jun and CCND1), angiogenesis, anti-apoptosis and the formation of extracellular matrix [START_REF] Avila | New therapies for hepatocellular carcinoma[END_REF].

In HCC, approximately 50-70% of tumors have increased levels of β-catenin in the cytoplasm and nucleus [START_REF] Wong | beta-Catenin mutation and overexpression in hepatocellular carcinoma: clinicopathologic and prognostic significance[END_REF]. This accumulation of β-catenin provides a growth advantage to tumor cells by promoting proliferation and suppressing differentiation. β-catenin accumulation alone, however, does not seem to cause progression to HCC from a nonmalignant state. Abnormal activation of Wnt signaling pathway has been reported in HCC associated with HBV infection [START_REF] Feitelson | Parallel epigenetic and genetic changes in the pathogenesis of hepatitis virus-associated hepatocellular carcinoma[END_REF].

Studies with β-catenin transgenic mouse models indicate that abnormal Wnt signaling can cause severe hepatomegaly, but is not sufficient for carcinogenic transformation [START_REF] Giles | Caught up in a Wnt storm: Wnt signaling in cancer[END_REF]. Interestingly, targeted disruption of the Iqgap2 (IQ motif containing GTPase activating protein 2) gene in mice leads to the development of HCC, which is associated with Iqgap1 overexpression and the activation of β-catenin and cyclin D1. When Iqgap2-null mice were bred with Iqgap1-null mice, the HCC phenotype was reduced. This suggests that Iqgap2 acts as a tumor suppressor, and its loss can lead to β-catenin activation and the development of HCC, and it further implicates β-catenin as a key driver of HCC [START_REF] Schmidt | Development of hepatocellular carcinoma in Iqgap2deficient mice is IQGAP1 dependent[END_REF]).

These pathways are of interest from a therapeutic perspective, because targeting them may help to reverse, delay or prevent tumorigenesis. How deregulation of these pathways occurs, and whether this goes through genetic and/or epigenetic mechanisms, will be discussed in the following sections.

IV. Genetic alterations in HCC

The deregulation of the previous pathways and the hepatocarcinogenesis process triggered result from the accumulation of several genetic deregulations. But hepatocarcinogenesis is a long process that starts in preneoplastic tissues like cirrhotic tissues. Indeed, studies have already reported genetic aberrations in cirrhotic nodules [START_REF] Yeh | Chromosomal allelic imbalance evolving from liver cirrhosis to hepatocellular carcinoma[END_REF]. In this section, I will review the most common aberrant genetic events reported in HCC.

Chromosomal aberrations have frequently been reported in HCC [START_REF] Teufel | Genetics of hepatocellular carcinoma[END_REF]). The most frequently deleted chromosome arms are 17p, 8p, 16q, 16p, 4q, 9p, 13q, lp and 6q and the most frequent gains concerned chromosomes 1q, 7q, 8q and 17q [START_REF] Fujimoto | Alterations of tumor suppressor genes and allelic losses in human hepatocellular carcinomas in China[END_REF][START_REF] Boige | Concerted nonsyntenic allelic losses in hyperploid hepatocellular carcinoma as determined by a high-resolution allelotype[END_REF][START_REF] Laurent-Puig | Genetic alterations associated with hepatocellular carcinomas define distinct pathways of hepatocarcinogenesis[END_REF][START_REF] Moinzadeh | Chromosome alterations in human hepatocellular carcinomas correlate with aetiology and histological grade--results of an explorative CGH meta-analysis[END_REF]. These chromosomal regions contain key players in hepatocarcinogenesis such as p53 (chromosome 17p) or Retinoblastoma 1 gene (Rb1) (chromosome 13q).

In addition to the chromosomal aberrations, many genetic alterations in tumor suppressor genes as well as in oncogenes have already been reported (Table 5 adapted from (Zucman-Rossi 2010)). 

Major tumor suppressor genes inactivated by mutation in HCC tumors

Genes

Protein Mutated in HCC (%) References

TP53

Tumor protein p53 10-61% [START_REF] Bressac | Selective G to T mutations of p53 gene in hepatocellular carcinoma from southern Africa[END_REF][START_REF] Hayashi | The clinical significance of p53 gene mutation in hepatocellular carcinomas from Japan[END_REF][START_REF] Honda | p53 mutation is a poor prognostic indicator for survival in patients with hepatocellular carcinoma undergoing surgical tumour ablation[END_REF][START_REF] Laurent-Puig | Genetic alterations associated with hepatocellular carcinomas define distinct pathways of hepatocarcinogenesis[END_REF][START_REF] Boyault | Transcriptome classification of HCC is related to gene alterations and to new therapeutic targets[END_REF][START_REF] Hussain | TP53 mutations and hepatocellular carcinoma: insights into the etiology and pathogenesis of liver cancer[END_REF])

CDKN2A

Cyclin-dependent kinase inhibitor 2A (p16INK4) 10-60% [START_REF] Kita | Infrequent alterations of the p16INK4A gene in liver cancer[END_REF][START_REF] Liew | High frequency of p16INK4A gene alterations in hepatocellular carcinoma[END_REF][START_REF] Chen | p16INK4 gene mutation and allelic loss of chromosome 9p21-22 in Taiwanese hepatocellular carcinoma[END_REF][START_REF] Boyault | Transcriptome classification of HCC is related to gene alterations and to new therapeutic targets[END_REF] AXIN 1 Axis inhibition protein 1 5-25% [START_REF] Satoh | AXIN1 mutations in hepatocellular carcinomas, and growth suppression in cancer cells by virus-mediated transfer of AXIN1[END_REF][START_REF] Laurent-Puig | Genetic alterations associated with hepatocellular carcinomas define distinct pathways of hepatocarcinogenesis[END_REF][START_REF] Taniguchi | Mutational spectrum of beta-catenin, AXIN1, and AXIN2 in hepatocellular carcinomas and hepatoblastomas[END_REF][START_REF] Ishizaki | Immunohistochemical analysis and mutational analyses of betacatenin, Axin family and APC genes in hepatocellular carcinomas[END_REF]Park, Park et al. 2005 

STK11

Serine/threonine-protein kinase 11 (LKB1) 1 mutation [START_REF] Kim | Genetic analysis of the LKB1/STK11 gene in hepatocellular carcinomas[END_REF] Interestingly, risk factor exposure may also trigger aberrant genetic events. HBV infection can promote carcinogenesis by at least three different mechanisms. First, integration of the viral DNA in the host genome can induce chromosome instability (Aoki et al., 1996). Second, insertional mutations have been described in which HBV integration, at specific sites, activates endogenous genes such as retinoic acid β-receptor [START_REF] Dejean | Hepatitis B virus DNA integration in a sequence homologous to v-erb-A and steroid receptor genes in a hepatocellular carcinoma[END_REF], cyclin A [START_REF] Wang | Hepatitis B virus integration in a cyclin A gene in a hepatocellular carcinoma[END_REF]) or more frequently hTERT [START_REF] Ferber | Integrations of the hepatitis B virus (HBV) and human papillomavirus (HPV) into the human telomerase reverse transcriptase (hTERT) gene in liver and cervical cancers[END_REF][START_REF] Paterlini-Brechot | Hepatitis B virus-related insertional mutagenesis occurs frequently in human liver cancers and recurrently targets human telomerase gene[END_REF].

This suggests that viral integration in the vicinity of genes controlling cell proliferation, viability and differentiation is a mechanism frequently involved in HBV hepatocarcinogenesis (insertional mutagenesis seems to be implicated in 20-40% of the HCC cases related to HBV infection). The third mechanism of carcinogenesis linked to HBV infection is based on the expression of viral protein, in particular HBx, to modulate cell proliferation and viability [START_REF] Andrisani | The transcriptional function of the hepatitis B virus X protein and its role in hepatocarcinogenesis (Review)[END_REF][START_REF] Diao | X protein of hepatitis B virus modulates cytokine and growth factor related signal transduction pathways during the course of viral infections and hepatocarcinogenesis[END_REF][START_REF] Diao | X protein of hepatitis B virus inhibits Fas-mediated apoptosis and is associated with up-regulation of the SAPK/JNK pathway[END_REF]. Moreover, HBx binds to p53 and inactivates p53-dependent activities, including p53-mediated apoptosis [START_REF] Feitelson | Hepatitis B x antigen and p53 are associated in vitro and in liver tissues from patients with primary hepatocellular carcinoma[END_REF]).

Among the tumor suppressor genes, p53 is the most frequently mutated. The p53 gene is probably the most common molecular target involved in human carcinogenesis [START_REF] Levine | The p53 tumour suppressor gene[END_REF]. Also called 'Guardian of the Genome' and 'Cellular Gatekeeper', p53

is activated in response to DNA damage, inducing either cell-cycle arrest to permit DNA repair, or apoptosis [START_REF] Levine | p53, the cellular gatekeeper for growth and division[END_REF]. Loss of p53 function occurs mainly, as mentioned above, through allelic deletions at chromosome 17p13 where the gene is located, and missense mutations in the four highly conserved regions located within the specific DNA-binding domain. These mutations select mainly against the DNA-binding activity of p53, and they are critical for correct folding of the protein. Additionally, they are associated with a prolonged half-life of the protein which accumulates in the cell nuclei, suggesting that it has acquired an oncogenic gain of function [START_REF] Levine | p53, the cellular gatekeeper for growth and division[END_REF]. In HCC, the specific TP53 mutation R249S is found in about 50% of tumors in populations exposed to AFB1 [START_REF] Bressac | Selective G to T mutations of p53 gene in hepatocellular carcinoma from southern Africa[END_REF]. In contrast, patients who have not been exposed to this carcinogen have a lower prevalence of TP53 gene mutations (10-30%) and codon 249 is rarely altered. It has been shown that AFB1-adducts result frequently in G : C to T : A transversions in human hepatocytes, mainly at codon 249 [START_REF] Aguilar | Aflatoxin B1 induces the transversion of G-->T in codon 249 of the p53 tumor suppressor gene in human hepatocytes[END_REF]).

AFB1, but also HCV exposure, has been shown to commonly be associated with the genetic alteration of the Wnt/β-catenin signaling pathway [START_REF] Huang | Beta-catenin mutations are frequent in human hepatocellular carcinomas associated with hepatitis C virus infection[END_REF][START_REF] Devereux | CTNNB1 mutations and beta-catenin protein accumulation in human hepatocellular carcinomas associated with high exposure to aflatoxin B1[END_REF][START_REF] Giles | Caught up in a Wnt storm: Wnt signaling in cancer[END_REF] , via β-catenin mutation. Oncogenic β-catenin mutations have also been demonstrated to promote the development of HCC;

these mutations prevent β-catenin from being phosphorylated and thus prevent degradation, resulting in the activation of Wnt-/β-catenin signaling.

However, many deregulations are still unclear and cannot be explained by aberrant genetic events. Now it is commonly accepted that epigenetic mechanisms play an important role in fundamental cellular processes but also in carcinogenesis.

V. Epigenetic mechanisms

The term "epigenetic" refers to all stable and heritable changes of phenotype that occur without altering the nucleotide sequence within the underlying DNA [START_REF] Rountree | DNA methylation, chromatin inheritance, and cancer[END_REF][START_REF] Baylin | DNA methylation and gene silencing in cancer[END_REF][START_REF] Feinberg | The epigenetic progenitor origin of human cancer[END_REF]).

This term was first introduced in 1942 by Conrad Waddington and was defined as the causal interactions between genes and their products that allow for phenotypic expression [START_REF] Waddington | The epigenotype[END_REF]). Heritability of epigenetic information was for many years thought to be limited to cellular divisions. However, it is now apparent that epigenetic processes can be transferred in organisms from one generation to another.

This phenomenon was first described in plants and has been expanded to include yeast, Drosophila, mouse and humans [START_REF] Tollefsbol | Handbook of Epigenetic The New Molecular and Medical Genetics[END_REF].

While every cell from the human body has the same DNA sequence, it acquires specific features allowing it to differentiate into distinct organs and to execute the related metabolic functions. This indicates that additional mechanisms independent of the DNA sequence are required. Therefore, different epigenomes may explain differences in cell stages but may also correlate with disease. Epigenetic signals utilize three distinct mechanisms: DNA methylation, histone modifications and non-coding RNA. Changes in these processes permit stable transmission of gene activity states in the course of cell division. Alteration of epigenetic events may therefore lead to tumor formation by disrupting gene expression. Indeed, we now recognize that epigenetic mechanisms play a crucial role in the regulation of fundamental cellular processes and their deregulation contributes to human diseases, most notably cancer [START_REF] Egger | Epigenetics in human disease and prospects for epigenetic therapy[END_REF][START_REF] Sawan | Epigenetic drivers and genetic passengers on the road to cancer[END_REF][START_REF] Herceg | Epigenetic mechanisms and cancer: An interface between the environment and the genome[END_REF]. DNA sequences encode the primary information within the genome, but it is epigenetic modifications that provide a powerful and complex platform for accurately regulating the genetic information and Heterochromatin is subdivided into constitutive heterochromatin, i.e. chromatin that is condensed, and facultative heterochromatin, a more relaxed structure. Constitutive heterochromatin is found in the chromosomal regions at the centromeres and telomeres, whereas genes that have been silenced in the course of development form facultative heterochromatin that is interspersed in the chromosome arms. Recently this definition has been fine tuned in Drosophila revealing five chromatin types [START_REF] Filion | Systematic protein location mapping reveals five principal chromatin types in Drosophila cells[END_REF]). In organisms with large genomes, constitutively heterochromatic regions are also found along the chromosome arms. Because of irregular nucleosome spacing, euchromatin is not condensed. It is relatively gene rich and transcriptionally active [START_REF] Elgin | Heterochromatin: silence is golden[END_REF]. However, these differences are not universal. Recent analysis of the human genome has shown that some pericentromeric regions are decondensed and that some euchromatic regions are compacted [START_REF] Gilbert | Chromatin architecture of the human genome: gene-rich domains are enriched in open chromatin fibers[END_REF]).

Chromatin remodeling is a dynamic process with condensation or relaxation of the molecular structure depending on epigenetic signals, leading to gene silencing or activation, respectively. It is therefore the epigenetic modifiers that play the key role in regulating gene expression.

It is essential to regulate the chromatin structure to maintain genomic stability. The genome of higher eukaryotes contains a large number of repetitive sequences (such as Alu, LINEs, and SINEs). Stable inhibition of retrotransposons, transposable elements and non-coding sequences, formerly known as "junk" DNA, assures genome stability and integrity [START_REF] Elgin | Heterochromatin: silence is golden[END_REF]. Permanent silencing of these DNA sequences is mainly due to epigenetic mechanisms, notably DNA methylation, which tightly regulate chromatin. Whereas transposons must be stable and totally silenced to prevent genomic instability, expression of genes involved in development is subject to permissive epigenetic control [START_REF] Reik | Stability and flexibility of epigenetic gene regulation in mammalian development[END_REF]). These findings highlight the existence of two distinct mechanisms of expression within the genome, each the result of chromatin modification.

Epigenetic mechanisms also play a critical role in other fundamental processes affecting DNA and gene expression, including DNA repair, cellular differentiation, X chromosome inactivation, genomic imprinting, and protection against viral infection [START_REF] Bird | DNA methylation patterns and epigenetic memory[END_REF][START_REF] Jaenisch | Epigenetic regulation of gene expression: how the genome integrates intrinsic and environmental signals[END_REF][START_REF] Vaissiere | Epigenetic interplay between histone modifications and DNA methylation in gene silencing[END_REF]. Interestingly, the different epigenetic mechanisms appear to interact and reinforce one another in response to environmental or endogenous stimuli [START_REF] Barros | Epigenetics: connecting environment and genotype to phenotype and disease[END_REF].

B. Histone modifications

Histones, the principal proteins of chromatin, consist of a highly compact, globular core of α-helices arranged in helix-turn-helix motifs that promote oligomerization. They are organized within fundamental units of chromatin, nucleosomes containing 146 bp of DNA wrapped twice around an octamer composed of two copies of each histone protein:

H2A, H2B, H3 and H4 [START_REF] Bhaumik | Covalent modifications of histones during development and disease pathogenesis[END_REF]). The structure of the nucleosome is well characterized [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF][START_REF] Caterino | Chromatin structure depends on what's in the nucleosome's pocket[END_REF][START_REF] Zhou | The nucleosome surface regulates chromatin compaction and couples it with transcriptional repression[END_REF]). Besides the core histones, several additional histone variants are present in mammalian cells. Histone variants differ from canonical histones in their primary sequence, and provide an additional regulatory mechanism by replacing conventional histones and thus changing the biophysical properties of the nucleosome core particle.

The incorporation of histone variants plays an important role in processes such as HCC has been reported to display altered histone modification machinery and as a result an altered cellular epigenetic state. Most of the known HCC-associated aberrant histone modification events affect expression of critical cellular genes and thus impair normal cellular activities [START_REF] Herceg | Epigenetic mechanisms in hepatocellular carcinoma: how environmental factors influence the epigenome[END_REF]. Several modifications have been reported

to be associated with the appearance of HCC and to act as a susceptibility factor for HCC, like Patt1 (a GNAT family acetyltransferase) that is highly expressed in a normal healthy liver and is downregulated in HCC. Low levels of this acetyltransferase result in a hypoacetylated (inactive) state of apoptotic genes, affecting the apoptotic potential of cancerous hepatocytes [START_REF] Liu | Patt1, a novel protein acetyltransferase that is highly expressed in liver and downregulated in hepatocellular carcinoma, enhances apoptosis of hepatoma cells[END_REF]. HCC is also characterized by low levels of H3K4diMe histone mark, caused by compromised expression of H3K4 methylating (Ash2 complex) and demethylating enzymes (LSD1) [START_REF] Magerl | H3K4 dimethylation in hepatocellular carcinoma is rare compared with other hepatobiliary and gastrointestinal carcinomas and correlates with expression of the methylase Ash2 and the demethylase LSD1[END_REF]).

HDAC1 has been found overexpressed in HCC tumors in association with the metastasisassociated protein 1 (MTA1), closely related to tumor growth and metastasis in various cancers. In addition, this increase has been shown to be related to HBV infection [START_REF] Yoo | Hepatitis B virus X protein induces the expression of MTA1 and HDAC1, which enhances hypoxia signaling in hepatocellular carcinoma cells[END_REF]. EZH2 (Enhancer of zeste homolog 2), the catalytic subunit of the Polycomb-repressive complex 2 (PRC2) that represses gene transcription through histone H3 lysine 27 trimethylation (H3K27me3), has been reported to contribute to constitutive activation of Wnt/β-catenin signaling and consequential proliferation of HCC cells [START_REF] Cheng | EZH2-mediated concordant repression of Wnt antagonists promotes beta-catenin-dependent hepatocarcinogenesis[END_REF].

Certain histone code alterations are a signature for specific risk factor exposures e.g.

HCV infection induces an overexpression of Protein Phosphatase 2A (PP2Ac), which binds to protein arginine methyltransferase 1 (PRMT1) and inhibits its activity. PRMT1 catalyzes the methylation of histone H4 on arginine 3 and also plays an important role in DNA repair by dephosphorylating the damage-induced phosphorylation of H2AX (g-H2AX). Hence, PP2Ac overexpression in HCV-associated HCCs leads to compromised histone H4 methylation/acetylation and histone H2AX phosphorylation, significantly changing the expression of genes important for hepatocarcinogenesis and inhibiting DNA damage repair. In fact, overexpression of this important phosphatase is considered a critical early event in hepatocarcinogenesis in the context of chronic viral hepatitis [START_REF] Christen | Activation of endoplasmic reticulum stress response by hepatitis viruses up-regulates protein phosphatase 2A[END_REF][START_REF] Bernsmeier | Virus-induced over-expression of protein phosphatase 2A inhibits insulin signalling in chronic hepatitis C[END_REF].

Alcohol exposure appears to alter HAT and HDAC activity in hepatocytes [START_REF] Park | Acetylation of histone H3 at lysine 9 by ethanol in rat hepatocytes[END_REF]. In vitro alcohol exposure of hepatic cells impairs HDAC6 function, which directly affects microtubule dynamics [START_REF] Shepard | Alcohol-induced alterations in hepatic microtubule dynamics can be explained by impaired histone deacetylase 6 function[END_REF]. The mRNA expression of class III HDAC, sirtuin 1 (SIRT1) is reduced in alcohol-exposed hepatocytes [START_REF] Lieber | Effect of chronic alcohol consumption on Hepatic SIRT1 and PGC-1alpha in rats[END_REF]. Furthermore, an essential role for SIRT1 in mediating effects of alcohol on SREBP-1 and hepatic lipid metabolism in alcoholic fatty liver has been reported [START_REF] You | Involvement of mammalian sirtuin 1 in the action of ethanol in the liver[END_REF]). Those data suggest the possible role of alcohol exposure in the initiation of hepatocarcinogenesis through deregulation of epigenetic players. HDAC inhibitors are currently in use as a therapeutic approach in several malignancies including lymphoma [START_REF] Rasheed | Histone deacetylase inhibitors in lymphoma and solid malignancies[END_REF]. In alcohol-associated HCCs it is also suggested that deregulated histone modification downregulates several 

C. Non coding RNAs

The most recent mechanism of epigenetic inheritance involves RNAs, which can alter gene expression states in a heritable manner [START_REF] Herceg | Epigenetic mechanisms in hepatocellular carcinoma: how environmental factors influence the epigenome[END_REF]. Non-coding RNAs (ncRNAs) are RNAs that are transcribed from DNA but are not translated into proteins. Many are functional and are involved in the processing and regulation of other RNAs such as mRNA, tRNA, and rRNA [START_REF] Tollefsbol | Handbook of Epigenetic The New Molecular and Medical Genetics[END_REF]. Processing-type ncRNAs include small nuclear RNAs (snRNAs) involved in splicing, small nucleolar RNAs (snoRNAs) that modify nucleotides in rRNAs and other RNAs, and RNase P that cleaves pre-tRNAs. Other small ncRNAs such as microRNAs (miRNAs) and short interfering RNAs (siRNAs) are involved in the regulation of target mRNAs and chromatin. Although many of these latter ncRNA classes are grouped under the term RNA interference (RNAi), it has become clear that there are many different ways that ncRNAs can interact with genes to up-regulate or down-regulate expression, to silence translation, or to guide methylation [START_REF] Amaral | The eukaryotic genome as an RNA machine[END_REF][START_REF] Collins | Ancestral RNA: the RNA biology of the eukaryotic ancestor[END_REF][START_REF] Collins | The RNA infrastructure: dark matter of the eukaryotic cell?[END_REF]. Adding to these classes are long ncRNAs (typically >200 nt) that have also been implicated in gene regulation [START_REF] Mattick | The genetic signatures of noncoding RNAs[END_REF]. All of these ncRNAs form a network of processes, the RNAinfrastructure [START_REF] Collins | The RNA infrastructure: dark matter of the eukaryotic cell?[END_REF]) that spans the cell not only spatially as RNAs move across the cell, but also temporally as the RNAs regulate gene processes during the cell cycle. Thus, the regulation of RNA processes may not only be transcriptional or translational, but also from their biogenesis and processing pathways [START_REF] Collins | The RNA infrastructure: dark matter of the eukaryotic cell?[END_REF]. However, when talking about gene regulation, it is RNA interference that immediately comes to mind (especially in multicellular organisms) and it appears that

RNAi-based ncRNAs and some longer ncRNAs have roles in epigenetic processes [START_REF] Kurokawa | Transcriptional regulation through noncoding RNAs and epigenetic modifications[END_REF]). Some of these roles have been known for some time miRNAs are defined as short (20-23 nucleotides) single-stranded RNAs that can negatively modulate gene expression [START_REF] Bartel | MicroRNAs: genomics, biogenesis, mechanism, and function[END_REF]). In contrast to DNA methylation or histone modifications, RNA-mediated gene silencing is a post transcriptional mechanism that can reinforce preliminary silencing events through mRNA degradation or translational inhibition.

Despite the emerging data on miRNAs, their role is far from being fully understood.

Evidences indicate that environmental exposures (carcinogens, drugs) may alter miRNAs expression [START_REF] Izzotti | Modulation of microRNA expression by budesonide, phenethyl isothiocyanate and cigarette smoke in mouse liver and lung[END_REF][START_REF] Izzotti | Downregulation of microRNA expression in the lungs of rats exposed to cigarette smoke[END_REF][START_REF] Wang | Ethanol exposure induces differential microRNA and target gene expression and teratogenic effects which can be suppressed by folic acid supplementation[END_REF]. In this sense, miRNA expression could be one of the mechanisms deregulated during the early stages of hepatocarcinogenesis.

In HCC, several miRNAs are deregulated, some of which function as oncogenes by inhibiting apoptosis (miR-221), promoting cell invasion (miR-9), or silencing c-Met/uPA-expression, thereby inhibiting migration and proliferation (miR23b) [START_REF] Salvi | MicroRNA-23b mediates urokinase and c-met downmodulation and a decreased migration of human hepatocellular carcinoma cells[END_REF][START_REF] Dai | miR-221/222 suppression protects against endoplasmic reticulum stressinduced apoptosis via p27(Kip1)-and MEK/ERK-mediated cell cycle regulation[END_REF]Tan, Wang et al. 2010). miR-101, 195, 122 and-338 have a tumor suppressor gene-like function and are silenced in HCC [START_REF] Su | MicroRNA-101, down-regulated in hepatocellular carcinoma, promotes apoptosis and suppresses tumorigenicity[END_REF][START_REF] Xu | MicroRNA-195 suppresses tumorigenicity and regulates G1/S transition of human hepatocellular carcinoma cells[END_REF][START_REF] Huang | miR-338-3p suppresses invasion of liver cancer cell by targeting smoothened[END_REF]. Downregulation of miR-122 has been reported to correlate with suppression of the hepatic phenotype and gain of metastatic properties [START_REF] Coulouarn | Loss of miR-122 expression in liver cancer correlates with suppression of the hepatic phenotype and gain of metastatic properties[END_REF]).

As mentionned previously, miRNA expression may also be the reflect of environmental exposure. Indeed, miR-152, miR-602 and miR-143 show HBV infection specific expression and regulate important cellular genes including DNMT1, RASSF1A and FNDC3B (fibronectin type III domain containing 3B) affecting pathways related to cell death, DNA damage, recombination, and signal transduction [START_REF] Zhang | Up-regulated microRNA-143 transcribed by nuclear factor kappa B enhances hepatocarcinoma metastasis by repressing fibronectin expression[END_REF][START_REF] Huang | Down-regulated microRNA-152 induces aberrant DNA methylation in hepatitis B virus-related hepatocellular carcinoma by targeting DNA methyltransferase 1[END_REF][START_REF] Yang | MicroRNA-602 regulating tumor suppressive gene RASSF1A is overexpressed in hepatitis B virus-infected liver and hepatocellular carcinoma[END_REF]. miR-122 and miR-196 show HCV infection-specific expression and regulate HMOX1/Bach1 and HCV genome expression [START_REF] Shan | Reciprocal effects of micro-RNA-122 on expression of heme oxygenase-1 and hepatitis C virus genes in human hepatocytes[END_REF][START_REF] Hou | MicroRNA-196 represses Bach1 protein and hepatitis C virus gene expression in human hepatoma cells expressing hepatitis C viral proteins[END_REF].

The emergence of high throughput technologies allowed large profiling of those ncRNAs.

Indeed, several studies reported a global miRNA profiling in HCC using microarrays [START_REF] Kutay | Downregulation of miR-122 in the rodent and human hepatocellular carcinomas[END_REF][START_REF] Murakami | Comprehensive analysis of microRNA expression patterns in hepatocellular carcinoma and non-tumorous tissues[END_REF][START_REF] Gramantieri | Cyclin G1 is a target of miR-122a, a microRNA frequently down-regulated in human hepatocellular carcinoma[END_REF][START_REF] Meng | MicroRNA-21 regulates expression of the PTEN tumor suppressor gene in human hepatocellular cancer[END_REF][START_REF] Huang | Microarray analysis of microRNA expression in hepatocellular carcinoma and non-tumorous tissues without viral hepatitis[END_REF][START_REF] Huang | Bead-based microarray analysis of microRNA expression in hepatocellular carcinoma: miR-338 is downregulated[END_REF] or qRT PCR [START_REF] Connolly | Elevated expression of the miR-17-92 polycistron and miR-21 in hepadnavirus-associated hepatocellular carcinoma contributes to the malignant phenotype[END_REF][START_REF] Jiang | Association of MicroRNA expression in hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival[END_REF][START_REF] Ladeiro | MicroRNA profiling in hepatocellular tumors is associated with clinical features and oncogene/tumor suppressor gene mutations[END_REF][START_REF] Varnholt | MicroRNA gene expression profile of hepatitis C virusassociated hepatocellular carcinoma[END_REF][START_REF] Wang | Profiling microRNA expression in hepatocellular carcinoma reveals microRNA-224 up-regulation and apoptosis inhibitor-5 as a microRNA-224-specific target[END_REF]. From these studies, many miRNAs were found differentially expressed in HCC tumours compared with control samples.

Studies reported some miRNAs associated with etiological factors, especially viral infection [START_REF] Ura | Differential microRNA expression between hepatitis B and hepatitis C leading disease progression to hepatocellular carcinoma[END_REF]) or clinicopathological features (survival time, grade of the tumours) [START_REF] Budhu | Identification of metastasis-related microRNAs in hepatocellular carcinoma[END_REF][START_REF] Jiang | Association of MicroRNA expression in hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival[END_REF][START_REF] Li | Diagnostic and prognostic implications of microRNAs in human hepatocellular carcinoma[END_REF]).

On the other hand, alterations in the primary structure, secondary structure, and expression levels of lncRNAs as well as their cognate RNA-binding proteins underlie diseases ranging from neurodegeneration to cancer [START_REF] Wapinski | Long noncoding RNAs and human disease[END_REF]. Long ncRNAs are transcripts longer than 200 nts which in most cases mirror the features of protein-coding genes without containing a functional ORF. Several studies reported the role of lncRNAs in HCC. One of the most studied lncRNA is H19, an imprinted gene necessary for embryonal development in humans, has also been shown to harbor protumorigenic properties [START_REF] Matouk | The H19 non-coding RNA is essential for human tumor growth[END_REF] and to be biallelically expressed in HCC [START_REF] Kim | Biallelic expression of the H19 and IGF2 genes in hepatocellular carcinoma[END_REF]. The lncRNA HULC (highly up-regulated in liver cancer) has been also identified to be specifically up-regulated in HCC [START_REF] Panzitt | Characterization of HULC, a novel gene with striking up-regulation in hepatocellular carcinoma, as noncoding RNA[END_REF]). This upregulation has recently been shown to be mediated via miR-372, underscoring the close interaction existing between the different epigenetic mechanisms [START_REF] Wang | CREB up-regulates long non-coding RNA, HULC expression through interaction with microRNA-372 in liver cancer[END_REF]). The lncRNA-HEIH (lncRNA highly expressed in HCC) and MALAT1 (Metastasis-associated lung adenocarcinoma transcript 1) have recently also been reported to be associated with recurrence and survival of HCC patients [START_REF] Lai | Long non-coding RNA MALAT-1 overexpression predicts tumor recurrence of hepatocellular carcinoma after liver transplantation[END_REF][START_REF] Yang | Long non-coding RNA high expressed in hepatocellular carcinoma (lncRNA-HEIH) facilitates tumor growth through enhancer of zeste homolog 2[END_REF]. It was found that lncRNA-HEIH plays a key role in G0/G1 arrest and further demonstrated that lncRNA-HEIH was associated with EZH2

and that this association was required for the repression of EZH2 target genes [START_REF] Yang | Long non-coding RNA high expressed in hepatocellular carcinoma (lncRNA-HEIH) facilitates tumor growth through enhancer of zeste homolog 2[END_REF]. The lncRNA corresponding to the maternally expressed gene 3 (MEG3) has been also shown to be dramatically decreased in HCC tumors, downregulation involving DNA methylation as well as miRNA (miR-29), highlighting the crosstalk existing between the different epigenetic mechanisms [START_REF] Braconi | microRNA-29 can regulate expression of the long non-coding RNA gene MEG3 in hepatocellular cancer[END_REF].

D. DNA methylation

Many fundamental cellular events are the result of modification by epigenetic signals of DNA methylation in the genome [START_REF] Bird | DNA methylation patterns and epigenetic memory[END_REF]. Changes in DNA methylation have been extensively studied because of their role in major cellular processes, including embryonic development, transcription, chromatin structure, X chromosome inactivation, genomic imprinting and chromosome stability [START_REF] Baylin | Aberrant patterns of DNA methylation, chromatin formation and gene expression in cancer[END_REF][START_REF] Gronbaek | Epigenetic changes in cancer[END_REF]) and their frequent association with human disease [START_REF] Zardo | Dynamic and reversibility of heterochromatic gene silencing in human disease[END_REF]. This is why my work has been specifically focused on DNA methylation changes.

Basic mechanisms of DNA methylation

DNA methylation is a chemical modification that results from the transfer of a methyl group from a methyl donor substrate (called S-adenosyl-L-methionine, SAM) that affects only the 5' position of cytosine bases in CpG conformations ("p" indicates that the cytosine and the guanine are linked by a phosphodiester bond ) [START_REF] Doerfler | DNA methylation and gene activity[END_REF]) (Figure 19).

DNA methylation occurring on non-CpG configuration, such as CpNpG or CpA and CpT sequences, has also been described in eukaryotic genome [START_REF] Clark | CpNpG methylation in mammalian cells[END_REF], especially in mouse embryonic stem cells [START_REF] Ramsahoye | Non-CpG methylation is prevalent in embryonic stem cells and may be mediated by DNA methyltransferase 3a[END_REF]Lister, Pelizzola et al. 2009), although the role of non CpG methylation is still not clear.

The methylation reaction of cytosines is mediated by a class of enzymes called DNA methyltransferases (DNMTs) that catalyze the transfer of the methyl group from Sadenosyl methionine onto cytosine. Five members of the DNMT family have been identified in mammals: DNMT1, DNMT2, DNMT3A, DNMT3B and DNMT3L (Figure 20). islands through multiple cell generations (Figure 21). DNMT1 exhibits a preference for hemimethylated substrates and it possesses a domain targeting to replication foci. As a confirmation of the important role of this enzyme in proper cell functioning and development, it should be mentioned that the loss of DNMT1 function results in embryonic lethality in mice [START_REF] Li | Targeted mutation of the DNA methyltransferase gene results in embryonic lethality[END_REF].

De novo DNA methylation during embryogenesis and germ cell development are carried out by the DNMT3 family (DNMT3a and DNMT3b). Inactivation of each of these genes leads to severe phenotypes [START_REF] Okano | DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian development[END_REF]). DNMT3a knock-out mice die shortly after birth and embryonic lethality is observed in case of the absence of DNMT3b. Thus, DNMT3a seems to be responsible for the methylation of sequences critical for late developmental or after birth, whereas DNMT3b may be more important for early developmental stages [START_REF] Okano | DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian development[END_REF]. Moreover, DNMT3b is thought to be specialized for DNA methylation of particular regions of the genome, as has been shown

by the studies of the Immunodeficiency, Centromere instability and Facial abnormalities (ICF) syndrome, a disease caused by specific mutation in DNMT3b [START_REF] Jin | DNA methyltransferase 3B (DNMT3B) mutations in ICF syndrome lead to altered epigenetic modifications and aberrant expression of genes regulating development, neurogenesis and immune function[END_REF].

In ICF, the DNA hypomethylation of satellite II and III repeats, CGI on inactive chromosome X and some sporadic repeats were demonstrated, which therefore implies that these sequences are plausible targets for DNMT3b.

Figure 21 Establishment and transmission of DNA methylation pattern during cell division.

The de novo addition of a methyl group to the cytosine base in DNA is catalyzed by DNA methyltransferases DNMT3A and DNMT3B and is maintained by DNMT1 after DNA replication A prerequisite for understanding the function of DNA methylation is knowledge of its distribution in the genome. Contrary to expectation, the whole genome is characterized by rather low overall CpG content. Species that undergo widespread DNA methylation in their genome have lost CpG dinucleotides over evolutionary time. This is a direct consequence of DNA methylation because it results from increased C-to-T transitions that occur after deamination of methylated cytosines [START_REF] Antequera | Number of CpG islands and genes in human and mouse[END_REF].

CpG sites are not distributed equally throughout the human genome but are found more frequently within small regions of DNA called CpG islands [START_REF] Bird | CpG-rich islands and the function of DNA methylation[END_REF]). According to the calculation of CpG prevalence, nearly 60% of human promoters are characterized by high CpG content [START_REF] Saxonov | A genome-wide analysis of CpG dinucleotides in the human genome distinguishes two distinct classes of promoters[END_REF]). Nevertheless, CpG density itself does not influence gene expression. Almost 28000 CpG islands are spread throughout the human genome and among them 20000 are associated with a gene [START_REF] Huang | Chromatin remodeling in mammary gland differentiation and breast tumorigenesis[END_REF],

indicating that methylation of those specific regions constitutes a powerful mechanism of gene regulation. Usually, CpG islands are unmethylated in transcriptionally active genes whereas silenced genes are characterized by methylation within promoter regions (e.g., tissue-specific or developmental genes). Therefore, the cell must tightly control DNA methylation in order to maintain the balance between silencing of repetitive elements and expression of fundamental cellular genes.

As mentionned above, the genome of higher eukaryotes contains a large number of repetitive sequences (such as Alu, LINEs, and SINEs). Stable inhibition of retrotransposons assures genome stability and integrity [START_REF] Elgin | Heterochromatin: silence is golden[END_REF].

Permanent silencing of these DNA sequences is mainly due to DNA methylation, which tightly regulates chromatin. Whereas transposons must be stable and totally silenced to prevent genomic instability, the expression of genes involved in development is subject to permissive epigenetic control [START_REF] Reik | Stability and flexibility of epigenetic gene regulation in mammalian development[END_REF].

Although methylation patterns are largely maintained through somatic cell divisions, changes in methylation patterns occur during mammalian development and cell differentiation. In mice, dramatic reprogramming with waves of demethylation and then remethylation occurs in germ cells and early embryos [START_REF] Morgan | Epigenetic reprogramming in mammals[END_REF]. After fertilization, most of the paternal genome is rapidly demethylated before DNA replication begins, indicative of active enzymatic demethylation [START_REF] Mayer | Demethylation of the zygotic paternal genome[END_REF][START_REF] Oswald | Active demethylation of the paternal genome in the mouse zygote[END_REF]. On the other hand, the maternal genome undergoes apparently passive replication dependent demethylation during subsequent cleavage divisions [START_REF] Mayer | Demethylation of the zygotic paternal genome[END_REF]. After implantation, a wave of global de novo methylation re-establishes the DNA methylation patterns that will be maintained, in large part, in somatic tissues. Genome-wide demethylation also occurs in primordial germ cells (PGCs) around embryonic days (E) 11.5-12.5 [START_REF] Hajkova | Epigenetic reprogramming in mouse primordial germ cells[END_REF][START_REF] Morgan | Epigenetic reprogramming in mammals[END_REF], and then de novo methylation establishes a gamete-specific methylation pattern, different for egg and sperm (Figure 22). In addition to these global changes, gene-specific de novo methylation and demethylation occur during lineagespecific differentiation, such as during differentiation of hematopoietic progenitors [START_REF] Ji | Comprehensive methylome map of lineage commitment from haematopoietic progenitors[END_REF].

How DNA methylation contributes to the inhibition of expression is still unclear and various hypotheses have been proposed. Firstly, for some transcription factors, e.g. AP-2, c-myc, CREB/ATF, E2F and NF-kB, DNA methylation was thought to create a physical barrier, abolishing access to promoter binding sites [START_REF] Zingg | Genetic and epigenetic aspects of DNA methylation on genome expression, evolution, mutation and carcinogenesis[END_REF]). This might be true, but only for a subset of transcription factors. However, further research showed that transcription factors often do not display a preference for unmethylated sequences (e.g. CTCF). Nevertheless, in the well documented transcriptional regulation by CTCF, DNA methylation of target sequences is crucial. CTCF binds to Imprinting Control Regions (ICRs) of imprinted genes and is essential for transcription of the INK/ARF locus [START_REF] Rodriguez | CTCF is a DNA methylation-sensitive positive regulator of the INK/ARF locus[END_REF]. DNA methylation of corresponding CTCF binding sites abolishes its association and therefore contributes to the permanent silencing of several genes at the respective loci.

Another model of gene inactivation mediated by DNA methylation is related to methyl-CpG binding domain proteins (MBDs). In general, DNA methylation is considered to be an initiation step for establishing the inactive chromatin state. It is followed by an MBDs association that, in turn, recruits histone deacetylases known as repressive epigenetic modification enzymes. The chromatin compacts and gene silencing is achieved.

Nevertheless, in some processes, other mechanisms act before DNA methylation occurs.

For example, in Neurospora crassa DNA methylation depends on the methylation of histone 3 at lysine 9 (H3K9) and only this modification can trigger epigenetic gene repression [START_REF] Tamaru | A histone H3 methyltransferase controls DNA methylation in Neurospora crassa[END_REF]. The paternal genome (dark blue) is demethylated by an active mechanism immediately after fertilization. The maternal genome (pink) is demethylated by a passive mechanism that depends on DNA replication. Both are remethylated around the time of implantation. The epigenome of the embryo is established. Methylated imprinted genes and some repeat sequences (not represented here) do not become demethylated thus transmitting parental DNA methylation marks. Another reprogramming in primary germ cells is needed for the resetting of imprints. Imprinting marks are thus erased in order to establish new imprint marks that will be further transmitted to the next generation.

Nevertheless, MBDs are not the only class of proteins capable of acting as HDACdependent transcriptional repressors by association with methylated DNA sequences.

Kaiso-like family of proteins binds to methylated DNA by zinc finger motifs and has been reported to be involved in gene silencing [START_REF] Prokhortchouk | The p120 catenin partner Kaiso is a DNA methylationdependent transcriptional repressor[END_REF][START_REF] Filion | A family of human zinc finger proteins that bind methylated DNA and repress transcription[END_REF]. Unlike MBDs, Kaiso also recognize unmethylated sequences (TNGCAGGA, the Kaiso binding site); although its exact mechanism of action remains unclear [START_REF] Daniel | The p120(ctn)-binding partner Kaiso is a bi-modal DNAbinding protein that recognizes both a sequence-specific consensus and methylated CpG dinucleotides[END_REF] a possible interaction with CTCF may play a role in regulating genome activity [START_REF] Defossez | The human enhancer blocker CTC-binding factor interacts with the transcription factor Kaiso[END_REF]). In addition, proteins containing SET and RING finger-associated (SRA) domain, structurally unrelated to MBDs, can also associate with methyl-CpG and were shown to bind to various tumor suppressor genes in cancer cells [START_REF] Unoki | ICBP90, an E2F-1 target, recruits HDAC1 and binds to methyl-CpG through its SRA domain[END_REF]).

Recently, a growing number of studies show the involvement of polycomb group proteins (PcG) in establishing the DNA methylation pattern. It has been conjectured that DNMT1 and DNMT3B play distinct roles in the functioning of PRC1 and PRC2. DNMT1

seems to be essential for recruiting BMI1, a PRC1 component, to PcG bodies while DNMT3B is possibly needed to maintain the monoubiquitination of H2AK119, a PRC1mediated mark [START_REF] Hernandez-Munoz | Association of BMI1 with polycomb bodies is dynamic and requires PRC2/EZH2 and the maintenance DNA methyltransferase DNMT1[END_REF][START_REF] Jin | DNMT1 and DNMT3B modulate distinct polycomb-mediated histone modifications in colon cancer[END_REF]). On the other hand, EZH2, a PRC2 component, is thought to mediate recruitment of DNMT3B to target sequences of some genes, particularly those involved in developmental regulation [START_REF] Vire | The Polycomb group protein EZH2 directly controls DNA methylation[END_REF]. It was postulated that first the target genes are marked by H3K27 methylation and then de novo DNA methylation of sequences of concern takes place [START_REF] Ohm | A stem cell-like chromatin pattern may predispose tumor suppressor genes to DNA hypermethylation and heritable silencing[END_REF][START_REF] Widschwendter | Epigenetic stem cell signature in cancer[END_REF]). Moreover, it was also reported that in cancer cells up to 5% of promoters containing CpGs were silenced by H3K27 trimethylation which was independent of DNA methylation [START_REF] Kondo | Gene silencing in cancer by histone H3 lysine 27 trimethylation independent of promoter DNA methylation[END_REF]. As the exact links between PcG regulation and DNA methylation are still unclear, this finding adds a novel layer of complexity to epigenetic gene silencing.

In summary, the above explanation of the DNA methylation-mediated gene silencing clearly illustrates how all epigenetic components interact in a complex manner to regulate gene expression.

Demethylation process

Understanding how these patterns of 5-methylcytosine are established and maintained requires the elucidation of mechanisms for both DNA methylation and demethylation.

DNA demethylation can be achieved either passively, by simply not methylating the new DNA strand after replication, or actively, by a replication-independent process (Figure 23).

Considerable evidence supports the existence of genome-wide active demethylation in zygotes [START_REF] Mayer | Demethylation of the zygotic paternal genome[END_REF][START_REF] Oswald | Active demethylation of the paternal genome in the mouse zygote[END_REF][START_REF] Hajkova | Epigenetic reprogramming in mouse primordial germ cells[END_REF][START_REF] Morgan | Epigenetic reprogramming in mammals[END_REF]) and primary germ cells (PGCs) [START_REF] Hajkova | Epigenetic reprogramming in mouse primordial germ cells[END_REF][START_REF] Morgan | Epigenetic reprogramming in mammals[END_REF], and locus specific active demethylation in somatic cells, such as neurons [START_REF] Ma | Neuronal activity-induced Gadd45b promotes epigenetic DNA demethylation and adult neurogenesis[END_REF]) and T lymphocytes [START_REF] Bruniquel | Selective, stable demethylation of the interleukin-2 gene enhances transcription by an active process[END_REF]. However, the mechanism(s) of active demethylation remain poorly understood. A number of mechanisms for the enzymatic removal of the 5-methyl group of 5mC, the 5mC base, or the 5mC nucleotide have been proposed (shown in Figure 23), The recent discovery of a new modified base, 5-hydroxymethylcytosine (5hmC), now considered as the 6 th base of the mammalian DNA [START_REF] Munzel | 5-Hydroxymethylcytosine, the sixth base of the genome[END_REF], is likely to have important implications for the mechanisms of active demethylation and open new avenues of research.

In plants, the 5mC base can be directly removed by the DME/ROS1 family of 5mC DNA glycosylases, resulting in an abasic site that is repaired by the base-excision repair (BER) process [START_REF] Zhu | Active DNA demethylation mediated by DNA glycosylases[END_REF]. In mammals, no efficient 5mC glycosylases have been conclusively identified, and an alternative pathway initiated by deamination of 5mC has been proposed. Candidate deaminases include AID (activation-induced cytidine deaminase) and APOBEC1, which convert 5mC to thymine [START_REF] Morgan | Activation-induced cytidine deaminase deaminates 5methylcytosine in DNA and is expressed in pluripotent tissues: implications for epigenetic reprogramming[END_REF]). The resulting thymine could be repaired by BER initiated by a T-G mismatch glycosylase such as MBD4

or TDG (thymine-DNA glycosylase) [START_REF] Zhu | 5-methylcytosine-DNA glycosylase activity is present in a cloned G/T mismatch DNA glycosylase associated with the chicken embryo DNA demethylation complex[END_REF][START_REF] Morgan | Activation-induced cytidine deaminase deaminates 5methylcytosine in DNA and is expressed in pluripotent tissues: implications for epigenetic reprogramming[END_REF]).

Recently, it has been shown that mouse and human Tet family proteins can catalyze conversion of 5mC to 5hmC [START_REF] Ito | Role of Tet proteins in 5mC to 5hmC conversion, ES-cell selfrenewal and inner cell mass specification[END_REF]. It is tempting to speculate that 5hmC could be repaired by a BER process, although, so far, no 5-hmC DNA glycosylases have been identified. Two new studies identified additional intermediates during the demethylation process. Indeed, it has been demonstrated that the Tet family of proteins have the capacity to convert 5-mC not only to 5-hmC, but also to 5-formylcytosine (5-fC)

and 5-carboxylcytosine (5-caC) in vitro and in cultured cells in an enzymatic activitydependent manner [START_REF] He | Tet-Mediated Formation of 5-Carboxylcytosine and Its Excision by TDG in Mammalian DNA[END_REF][START_REF] Ito | Tet Proteins Can Convert 5-Methylcytosine to 5-Formylcytosine and 5-Carboxylcytosine[END_REF]). Furthemore, 5hmC can be also oxidized into 5-caC [START_REF] He | Tet-Mediated Formation of 5-Carboxylcytosine and Its Excision by TDG in Mammalian DNA[END_REF]. 5-caC is specifically recognized and excised by TDG, producing an abasic configuration that may initiate BER [START_REF] He | Tet-Mediated Formation of 5-Carboxylcytosine and Its Excision by TDG in Mammalian DNA[END_REF]. tri-methylated lysine 9 of H3 (H3-K9Me3) marks are localized on silenced alleles [START_REF] Vu | Cross-species clues of an epigenetic imprinting regulatory code for the IGF2R gene[END_REF].

B. X inactivation

During embryonic development, mammalian female cells have one of the two X chromosomes silenced through the process of X chromosome inactivation (Xi). The inactivation allows dosage compensation in females as compared to males who carry only one X chromosome.

All mammalian cells undergo an early, imprinted inactivation of the paternally-derived X chromosome in two-cell or four-cell stage embryos [START_REF] Huynh | Inheritance of a pre-inactivated paternal X chromosome in early mouse embryos[END_REF]. The extraembryonic tissue (which gives rise to the placenta and other tissues supporting the embryo) retain this early imprinted inactivation, thus only the maternal X chromosome is active in these tissues.

In the early blastocyst, this initial, imprinted X-inactivation is reversed in the cells of the inner cell mass (which give rise to the embryo), and in these cells both X chromosomes become active again. Each of these cells then independently and randomly inactivates one copy of the X chromosome [START_REF] Okamoto | Epigenetic dynamics of imprinted X inactivation during early mouse development[END_REF]). This inactivation event is irreversible during the lifetime of the cell, so all the descendants of a cell which inactivated a particular X chromosome will also inactivate that same chromosome. This is regulated by a genomic locus termed the "X-inactivation center" (Xic), a locus that contains multiple noncoding genes, including Xist, Tsix, and Xite [START_REF] Payer | X chromosome dosage compensation: how mammals keep the balance[END_REF].

Interestingly, Xist RNA upregulation is quickly followed by several chromatin modifications, including the recruitment of Polycomb Repressive Complexes 1 (PRC1)

and 2 (PRC2) to the inactivated X chromosome [START_REF] Lucchesi | Chromatin remodeling in dosage compensation[END_REF][START_REF] Ng | Xist and the order of silencing[END_REF][START_REF] Wutz | X inactivation Xplained[END_REF].

The inactive X chromosome (Xi) does not express the majority of its genes, unlike the active X chromosome (Xa). This is due to the silencing of the Xi by repressive heterochromatin, which compacts the Xi DNA and prevents the expression of most genes.

Compared to the Xa, the Xi has high levels of DNA methylation, low levels of histone acetylation, low levels of histone H3 lysine-4 methylation and high levels of histone H3 lysine-9 methylation, all of which are associated with gene silencing [START_REF] Chow | Silencing of the mammalian X chromosome[END_REF][START_REF] Ng | Xist and the order of silencing[END_REF]). Additionally, a histone variant called macroH2A is found exclusively on nucleosomes along the Xi [START_REF] Costanzi | Histone macroH2A1 is concentrated in the inactive X chromosome of female mammals[END_REF].

VII. Aberrant DNA methylation in cancer : focus on HCC

As described above, appropriate DNA methylation is essential for development and proper cell functioning, thus any abnormalities in this process may lead to various diseases, including cancer. Indeed, tumor cells are characterized by a different methylome from normal cells. Interestingly, both hypo-and hypermethylation events can be observed in cancer (Figure 24). Generally, a global decrease in methylated CpG content is observed. This phenomenon contributes to genomic instability and, less frequently, to activation of silenced oncogenes. On the other hand, CpG island hypermethylation in promoters of specific genes has been shown to be a critical hallmark in many cancer cells [START_REF] Paz | A systematic profile of DNA methylation in human cancer cell lines[END_REF]). An increasing number of genes, mainly those acting as tumor supressors in normal tissues, have been reported to be inactivated by a DNA methylation mechanism during tumorigenesis. Aberrant DNA hypermethylation of CpG island is typically associated with inhibition of gene transcription and unscheduled silencing of genes [START_REF] Baylin | DNA methylation and gene silencing in cancer[END_REF].

It should be mentioned that some of the current hypotheses highlight the role of epigenetic modification in early stages of tumor development and even in cancer predisposition. It has been proposed that epigenetic disruptions are the initiating events leading to the occurrence of "cancer progenitor cells" [START_REF] Feinberg | The epigenetic progenitor origin of human cancer[END_REF]. When I started my thesis, several studies were already reporting epigenetic deregulations, and more specifically DNA methylation changes in HCC.

One of the first epigenetic changes detected in HCC was aberrant genome-wide hypomethylation. Indeed, LINE-1 (Long interspersed nuclear element 1) methylation has been shown to be reduced in HCC tumors compared with non cancerous tissues [START_REF] Lin | Genome-wide hypomethylation in hepatocellular carcinogenesis[END_REF]. Later, the levels of serum LINE-1 hypomethylation at initial presentation has been shown to correlate significantly with large tumor sizes and advanced tumor stages as well as HBsAg expression (Tangkijvanich, Hourpai et al. 
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Concerning the other major risk factors, their interaction with epigenetic mechanisms is almost unknown.

Indeed, there is few data on the putative mechanism by which HCV infection may trigger epigenetic changes. Hovewer,, its has been recently proposed that the protein core of HCV can induce DNMTs upregulation leading to hypermethylation of specific genes like p16 and E-cadherin [START_REF] Arora | Hepatitis C virus core protein downregulates E-cadherin expression via activation of DNA methyltransferase 1 and 3b[END_REF][START_REF] Park | Hepatitis C virus Core protein stimulates cell growth by downregulating p16 expression via DNA methylation[END_REF].

Nor, unfortunately are there any studies analyzing DNA methylation changes in alcohol associated HCC. However, alcohol intake remains a major risk factor for developing HCC.

The hepatic enzyme methyladenosyltransferase II is decreased in alcohol-induced cirrhosis [START_REF] Lieber | Alcohol and the liver: 1994 update[END_REF]. This results in decreased production of SAM, the methyl donor for DNA methylation reactions. Furthermore, homocysteine levels are increased in alcohol-induced cirrhosis, increasing the S-adenosylhomocysteine level and inhibiting the activity of DNA methyltransferase enzymes. In experimental models, SAM deficiency induced by methionine-choline-deficient diet caused DNA hypomethylation and increased DNA strand breaks (DNA instability), changes associated with an increased risk for cancer [START_REF] Pogribny | Breaks in genomic DNA and within the p53 gene are associated with hypomethylation in livers of folate/methyl-deficient rats[END_REF]. In transgenic mice lacking methyladenosyltransferase II there is spontaneous development of HCC [START_REF] Lu | Methionine adenosyltransferase 1A knockout mice are predisposed to liver injury and exhibit increased expression of genes involved in proliferation[END_REF]). These experimental models support a possible role for DNA methylation abnormalities contributing to HCC in alcohol-induced liver disease [START_REF] Morgan | Alcohol and hepatocellular carcinoma[END_REF]).

In conclusion, at the time of initiating this project, DNA methylation analysis was performed in a relatively small number of samples and in a reduced number of genes, limiting the identification of specific candidate genes and the eventual correlation with well known risk factors. However, this preliminary evidence pointed towards an important role of DNA methylation in HCC.

differences between these two bases [START_REF] Shen | The rate of hydrolytic deamination of 5-methylcytosine in double-stranded DNA[END_REF][START_REF] Lutsenko | Principal causes of hot spots for cytosine to thymine mutations at sites of cytosine methylation in growing cells. A model, its experimental support and implications[END_REF].

B. Clinical applications

Cancer development is a multi-step process including initiation, promotion, and progression. Human cancers in adults mainly develop from precancerous lesions.

Because it is impossible to identify the malignant potential of these lesions on histopathological grounds alone, it is necessary to develop biomarkers capable of predicting their potential for progression.

The challenge remains in early detection or screening for cancer. There are many feasible physical approaches to screen for the majority of cancers at early stages.

However, most physical examinations are expensive and invasive. In populations, because the examination costs outweigh the healthy benefits, most physical examinations cannot be widely used to screen for cancer. They are only offered to a small proportion of patients. Thus, more efficient, convenient, non-invasive and economic molecular tests are eagerly awaited. Some alterations of DNA methylation may become such biomarkers.

Importantly, DNA methylation holds not only the potential for being "just" another biomarker, but also, as it can be chemically reverted, it offers promising therapeutic applications as well.

IX. Assessment of DNA methylation

A range of approaches are available for assessing patterns of DNA methylation in normal and cancerous cells, in a gene-specific or genome-wide manner. As described before, small-scale studies of DNA methylation marks have provided important insights into cancer biology, for example, the hypermethylation of tumor-suppressor genes, which is associated with their transcriptional silencing, is recognized as a key feature of cancer pathogenesis [START_REF] Herman | Gene silencing in cancer in association with promoter hypermethylation[END_REF][START_REF] Feinberg | The history of cancer epigenetics[END_REF]. However, several important unanswered questions remain. How many genes undergo epigenetic disruption in a given tumor? Do these changes differ between distinct types of cancer cell? What are the molecular and genetic mechanisms that underlie these altered epigenetic profiles? Many of these questions can be answered by applying 'omics' approaches to cancer epigenetics.

Although it has long been possible to accurately quantify the total amount of 5methylcytosine using techniques such as high-performance liquid chromatography (HPLC) and high-performance capillary electrophoresis (HPCE) [START_REF] Fraga | DNA methylation: a profile of methods and applications[END_REF], the study of DNA methylation of particular sequences was initially almost entirely based on the use of enzymes that can distinguish between methylated and unmethylated recognition sites in genes of interest. This approach has many drawbacks, from incomplete restriction-enzyme cutting to limitation of the regions that can be studied. Furthermore, it usually involves Southern blotting, which requires substantial amounts of DNA of high molecular weight, a particular challenge when studying primary tumors because of the limited quantities of material available.

The popularization of the bisulphite treatment of DNA, which reproducibly changes unmethylated cytosines to uracil but leaves methylated cytosines unchanged, was an important advance in cancer epigenetics. Combining this approach with high-throughput technology allowed us to carry out qualitative and quantitative DNA methylation analysis on small quantities of material.

Here, I will give an overview of the new, different approaches that can be used to determine DNA methylation profile. The second principle depends on bisulfite-mediated DNA conversion. This treatment converts unmethylated C into uracil (U) very rapidly, whereas it converts methylated C extremely slowly [START_REF] Hayatsu | The addition of sodium bisulfite to uracil and to cytosine[END_REF] 

A. Analysis of gene-specific DNA Methylation

Genome-wide analysis of DNA methylation

To explore DNA methylation profiles at the genome scale, a wide range of approaches 

Figure 26 Different genome-wide DNA methylation approaches

The development of these new techniques brought a real improvement to the analysis of DNA methylation because they provide a qualitative and quantitative assessment of the DNA methylation level combined with a large number of samples. The gene candidate approach allows a detailed DNA methylation analysis of specific regions of interest in a large panel of samples and the genome-wide analysis gives a large "overview" of the DNA methylation changes that can occur in samples.

In the present study, I took advantage of the 2 approaches by using pyrosequencing that allows the accurate quantification of the DNA methylation status of several successive CpG sites on large panel of samples and by using a bead array platform providing a quantitative measure of the methylation level of more than 1500 CpG sites located in the promoter of 800 cancer related genes. These technologies have been combined with a large panel of HCC samples from a case-control study associated with different risk factors and for which clinical data were available. This work provides a better characterization of the DNA methylation changes occurring in HCC.

INTRODUCTION HYPOTHESIS & STRATEGY

critical role of epigenetic changes in the development and progression of HCC. However, the lack of sensitive and quantitative techniques combined with a small panel of samples does not allow a good characterization of DNA methylation changes. In addition, although DNA methylation changes appear to be associated with specific risk factors in HCC, no data are available on DNA methylation patterns in HCC that could be used as signatures of exposure to risk factors.

Objectives

The main goal of this thesis is to bring a better characterization of DNA methylation changes in hepatocellular carcinoma and examine their functional impact on the hepatocarcinogenesis process.

The specific goals are the following:

-to study specific DNA methylation changes in hepatocellular carcinoma induced by well know risk factors as HBV, HCV infection or heavy alcohol intake;

-to identify new cancer-related genes targeted by DNA methylation in HCC;

-to correlate DNA methylation changes with clinical data (survival, grade, stage,etc…); -to carry out functional studies on the genes differentially methylated in HCC and investigate their role in liver cancer.

Strategy

In order to analyze DNA methylation changes in HCC, the presented study has been performed taking advantage of a large panel of HCC tumor samples and paired non cancerous tissues, associated with different risk factors exposures.

The study was performed as depicted in Figure 27: 

HYPOTHESIS MATERIAL & METHODS

A. Study population and samples

This study is based on a series of hepatocellular carcinomas associated with distinct risk factors and collected from two different geographical locations, France and Thailand (Table 7). In Thailand, the study was conducted at the Bangkok National Cancer Institute The gene candidate study was based on the samples from both geographical locations in order to investigate the possible DNA methylation changes according to geographical location. The genome wide study was based only on the French samples for which clinicopathological data were available (Table 8).

(

1) Gene candidate study

A total of 166 liver cancer subjects were included in the analysis, of whom 36 were from Thailand (19 HCC cases and 17 non-HCC liver tumor cases) and 130 were from France (119 HCC cases and 11 cases of liver adenoma) (Table 7). HCC patients were clustered in different groups according to associated risk factors. A total of 281 liver samples were included in the analyses; among these there were 115 matching tumor/surrounding tissue pairs. Surrounding tissues included 75 cirrhotic samples (C) and 40 normal appearing (non-cirrhotic) samples (N). Surrounding tissues were considered "normal"

when histological analysis revealed the absence of preneoplastic features (fibrosis and inflammation) and cirrhotic lesions (Table 7). (2) Genome-wide study 38 patients with HCC were selected for analysis; in all cases, cryopreserved samples from the primary tumor were available for study; in 30 patients, paired cryopreserved samples of adjacent non-malignant tissue were also available (for clinicopathological features, see Table 8). Samples from two patients with liver adenoma were used for comparison purposes. An additional series of 8 matched HCC and surrounding tissue pairs was used for validation.

METHODS

For all patients, samples were taken from a surgical specimen, obtained through hepatectomy or liver transplantation, under the supervision of a pathologist; they were snap frozen less than 30 minutes after the removal of the surgical specimen and stored n
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liquid nitrogen until use. Before molecular analysis, the representativity and the quality of the sample were verified by a pathologist (Figure 28).

Information about risk factors for HCC was retrieved from clinical charts; the following information was noted: serological evidence for HBV or HCV infection, alcohol consumption, evidence for dysmetabolic syndrome or auto-immune disease, and other etiologies. Information about the evolution (treatments, duration of follow-up, duration of survival, status at the date of last information) was retrieved from clinical charts. The histological diagnosis and classification of primary liver tumors and the histological evaluation of the adjacent liver tissue were performed by an experienced pathologist (JYS).

In addition, three different human HCC cell lines (PLC/PRF/5, Hep3B, HepG2) were included in the array.

B. DNA isolation

The protocol of DNA isolation was adapted according to the particularities of each series.

The samples from Thailand were embedded in paraffin, while the samples from France were snap frozen fresh tissue.

For paraffin-embedded samples, 10μM sections were cut and slides were deparaffinised in absolute xylene; rehydrated in successive alcohol baths of 100%, 95% and 70%; and washed in sterile water. Deparaffinised slides were scraped into Eppendorf tubes.

For fresh tissues, small pieces of tissue were cut, frozen immediately in liquid nitrogen, ground to powder and then collected into Eppendorf tubes. After these steps, the same extraction protocol was used for all samples, which were incubated at 55°C in DNA extraction buffer containing 0.1 μg/μL of proteinase K for 24-48 hours. After complete digestion, proteinase K was inactivated by heating to 95°C for 10 minutes. DNA 
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C. Bisulfite treatment

This technique consists of treating DNA with bisulfite, which causes unmethylated cytosines to be converted into uracil (Figure 29) while methylated cytosines remain unchanged. Then, the methylated and unmethylated cytosines can easily be distinguished.

METHODS Figure 29 Chemical steps occurring during bisulfite conversion

In this study, 500 ng of genomic DNA from normal, cirrhotic and HCC samples were treated with EZ DNA methylation-Gold kit (Zymo Research, USA), according to the manufacturer's protocol. After modification, the DNA was eluted in H2O in the adequate volume according to the analyses to be carried out (25μL for pyrosequencing analysis, 12μL for bead array analysis). The modified DNA was stored at -20°C until use.

D. Gene candidate study -Design

In order to investigate the methylation level of several genes, targeted sequences were localized in bona fide CpG islands [START_REF] Ushijima | Detection and interpretation of altered methylation patterns in cancer cells[END_REF][START_REF] Bock | CpG island mapping by epigenome prediction[END_REF]). CpG islands are genomic regions characterized by an exceptionally high CpG dinucleotide frequency [START_REF] Bird | CpG-rich islands and the function of DNA methylation[END_REF]. They are among the most important regulatory regions, with functional roles in both normal and disease related gene expression. Therefore they cannot only be defined by their DNA sequence.

To select the sequence of interest we used the hg17/NCBI35 human genome assembly from the UCSC Genome Browser Web site [START_REF] Bock | CpG island mapping by epigenome prediction[END_REF]. A genomic region has to fulfill three conditions to be classifed as a CpG island: (1) GC content above 50%,

(2) ratio of observed-to expected number of CpG dinucleotides above 0.6, and (3) length greater than 200 basepairs (bp) [START_REF] Bock | CpG island mapping by epigenome prediction[END_REF]). For each gene, sets of PCR primers were designed within a bona fide CpG on an in silico modified DNA sequence.

DNA amplifications were carried out on bisulfite-treated DNA using specific primers and PCR conditions (Annexe I). To further perform pyrosequencing analysis, one of the PCR
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primers (opposite direction to sequencing primer) should be labelled with biotin for further immobilization by sepharose beads. Modified DNA (20-25 ng) was amplified in a total volume of 50 μL. 10 μL of PCR reaction were analyzed on agarose gel, and the remaining 40 μL were used in pyrosequencing assays using sequencing primers.

E. Pyrosequencing

Pyrosequencing is a sequencing-by-synthesis method that quantitatively monitors the real-time incorporation of nucleotides through the enzymatic conversion of released pyrophosphate into a proportional light signal. Quantitative measures are of special importance for DNA methylation analysis in various developmental and pathological situations [START_REF] Tost | DNA methylation analysis by pyrosequencing[END_REF] . It differs from Sanger sequencing, in that it relies on the detection of pyrophosphate release on nucleotide incorporation, rather than chain termination with dideoxynucleotides.

The PCR products were collected and purified from the reaction mixture by binding onto streptavidin-coated sepharose beads (Amersham-GE Healthcare), which recognize biotinylated strands, on the vacuum-based workstation provided with the PSQ TM 96MA instrument (Qiagen) in a 96-well plate. The biotinylated PCR products were washed in 70% ethanol bath, denatured with 200nM NaOH solution and then mixed with sequencing primer. The mixture was incubated at 80°C for 2 minutes and allowed to cool down at room temperature for 20 minutes in order to reach the specific primers annealing temperature.

Pyrosequencing reactions were set up using PyroGold Reagent kit (Qiagen) according to the manufacturer's instructions. The template DNA is immobile, and solutions of A, C, G, and T nucleotides are sequentially added and removed from the reaction. As the nucleotide dATP acts as a natural substrate for luciferase, the modified α-S-dATP is used as the nucleotide for primer extension as it is equally well incorporated by the polymerase. Light is produced only when the nucleotide solution complements the first unpaired base of the template.

Single-strand DNA template is hybridized to a sequencing primer and incubated with the enzymes DNA polymerase, ATP sulfurylase and apyrase and with the substrates adenosine 5´ phosphosulfate (APS) and luciferin (Figure 30). 
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F. Quantitative RT-PCR

In order to correlate DNA methylation status with gene silencing, expression analysis was performed in HCC tumors and surrounding samples. Total RNA was isolated using the TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. Reverse transcription reactions were performed on 500ng of RNA using MMLV (Invitrogen) and random hexamers, according to the manufacturer's protocol. Primers and probes were designed using Universal Probe Library Assay Design Center (Roche). Quantitative realtime PCR (qRT-PCR) was performed in triplicates of each condition, using FastStart TaqMan Probe Master (Roche) and a MX3000P real-time PCR system (Stratagene).

G. Bead array platform

DNA methylation profiling using bead arrays for 1536 CpG sites, corresponding to 807 cancer-related genes, was performed with the GoldenGate BeadArray Assay for
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Methylation (Illumina) using 500ng of modified DNA [START_REF] Bibikova | High-throughput DNA methylation profiling using universal bead arrays[END_REF]. In contrast to conventional microarrays that are manufactured by spotting or synthesizing probes onto two-dimensional substrates at known locations, BeadArray technology is based on the random self-assembly of a bead pool onto a patterned substrate. The Sentrix Array Matrix (SAM) platform is a fiberoptic assembly composed of 96 individual arrays in an 8-by-12 format, matching the well spacing of a standard microwell plate.

Each array holds 1,536 different oligonucleotide probe sequences (IllumiCode sequences). The probes are attached to 3-micron beads assembled into microwells at the end of an optical fiber bundle. Because the microwells outnumber probe sequences, multiple copies of each bead type are present in the array. This built-in redundancy improves robustness and measurement precision. The SAM manufacturing process includes hybridization-based quality control for each array feature, allowing consistent production of high-quality, reproducible arrays. This assay can detect as little as 2.5% of methylated DNA target in a complex sample and can distinguish a 17% methylation difference between samples with 95% confidence [START_REF] Bibikova | High-throughput DNA methylation profiling using universal bead arrays[END_REF][START_REF] Fan | Illumina universal bead arrays[END_REF].

In order to provide robust DNA methylation data, four probes are included: two allelespecific oligos (ASO) and two locus-specific oligos (LSO). Each ASO-LSO oligo pair corresponds to either the methylated or unmethylated state. The main steps of the protocol are depicted in the figure below (Figure 32). SAMs are imaged using the Illumina BeadArray Reader, a two-channel, 0.8 μm resolution confocal laser scanner. The BeadArray Reader scans SAMs at two wavelengths simultaneously and creates an image file for each channel (i.e., two per array). Array images are collected in two colors, corresponding to the two possible states (methylated and unmethylated) present at each CpG locus.

METHODS Figure 32 Workflow procedures for beadarray experiment

H. Statistical analysis

Different statistical analyses have been performed for the gene-candidate and the genome-wide analysis. The analysis of microarray data obtained after scanning of the beadarray requires specific considerations. Figure 33 describes the different steps used for analyzing our data.

(

1) Filtering and unsupervised clustering

BeadStudio version 3.2 (Illumina) was used for obtaining the signal values (AVG-Β)

corresponding to the ratio of the fluorescent signal from the methylated allele (Cy5) to the sum of the fluorescent signals of both methylated (Cy5) and unmethylated alleles (Cy3), 0 corresponding to completely unmethylated sites and 1 to completely methylated sites. In order to avoid the gender effect, all probes in chromosome X (n=84)

were discarded. In addition, all probes with a P value above 0.01 in more than 10% of the samples were excluded from the analysis. BRBArrayTools software (version 3.8 β2)

was used for further analysis, using the AVG-Β values. CpG sites showing minimal variation across the set of arrays were excluded from the analysis. (

2) Class Comparison

CpG sites were considered differentially methylated when their P value was less than 0.001. In addition, we identified CpG sites that were differentially methylated between tumor and adjacent tissue by using a multivariate permutation test [START_REF] Korn | An investigation of two multivariate permutation methods for controlling the false discovery proportion[END_REF] providing 90% confidence that the false discovery rate was less than 10%. False discovery rate (FDR) is a statistical method used in multiple hypotheses testing to correct for multiple comparisons. In practical terms, the FDR is the expected proportion of false positives among all significant hypotheses; for example, if 1000 observations
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were experimentally predicted to be different, and a maximum FDR for these observations was 0.10, then 100 of these observations would be expected to be false positives. In our case, the false discovery rate is the proportion of the list of CpG sites claimed to be differentially methylated that are false positives. The test statistics used are random variance t-statistics for each CpG site [START_REF] Wright | A random variance model for detection of differential gene expression in small microarray experiments[END_REF]. Although tstatistics were used, the multivariate permutation test is non-parametric and does not require the assumption of Gaussian distributions. A global test of whether the methylation profiles differed between the classes was also performed by permuting the labels of which CpG methylation states corresponded to which classes. For each permutation, the P values were re-computed, and the number of CpG sites significant at the 0.001 level was noted. The proportion of the permutations that gave at least as many significant CpG sites as with the actual data was the significance level of the global test (P < 0.05 for the global test).

(

3) Class Prediction

We used different models to predict the class of future samples using CpG methylation profile based on the Compound Covariate Predictor [START_REF] Radmacher | A paradigm for class prediction using gene expression profiles[END_REF], Diagonal Linear Discriminant Analysis [START_REF] Dudoit | Comparison of Discrimination Methods for the Classification of Tumors Using Gene Expression Data[END_REF], Nearest Neighbor Classification [START_REF] Dudoit | Comparison of Discrimination Methods for the Classification of Tumors Using Gene Expression Data[END_REF] and Support Vector Machines with linear kernel [START_REF] Ramaswamy | Multiclass cancer diagnosis using tumor gene expression signatures[END_REF]. The models incorporated CpG sites that were differentially methylated at the 0.001 significance level as assessed by the random variance t-test [START_REF] Wright | A random variance model for detection of differential gene expression in small microarray experiments[END_REF]. We estimated the prediction error of each model using leave-one-out cross-validation (LOOCV) [START_REF] Simon | Pitfalls in the use of DNA microarray data for diagnostic and prognostic classification[END_REF].

For each LOOCV training set, the entire model building process was repeated, including the gene selection process. We also evaluated whether the cross-validated error rate estimate for a model was significantly less than one would expect from random prediction. The class labels were randomly permuted and the entire LOOCV process was repeated. The significance level is the proportion of the random permutations that gave a cross-validated error rate no greater than the cross-validated error rate obtained with the real data. 1000 random permutations were used.

METHODS

Figure 33 Steps used for analyzing microarray data
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In addition, the Prediction Analysis for Microarrays (PAM) Tool was used as another method of class prediction. The method uses the shrunken centroid algorithm [START_REF] Tibshirani | Diagnosis of multiple cancer types by shrunken centroids of gene expression[END_REF], whereby the centroids of each group are shrunken toward each other by shrinking the class means of each CpG site toward an overall mean.

The amount of shrinking is determined by a "tuning parameter" called delta. As the shrinking occurs, some CpG sites will have the same value of shrunken class mean for the different classes, and hence they will have no effect in distinguishing the classes. For larger values of delta, fewer CpG sites will have different shrunken means among the classes, and so the classifier will be based on fewer CpG sites. With this approach, the number of CpG sites included in the classifier is determined by the value of delta. The algorithm provides a k-fold cross-validated estimate of prediction error for all values of delta where k is the minimum class size. The tool indicates the delta corresponding to the smallest cross-validated prediction error and gives the list of CpG sites that are included in the classifier for that value of delta.

(4) Gene Ontology Analysis

The evaluation of which Gene Ontology (GO) classes are differentially methylated between tumor and surrounding samples was performed using a functional class scoring analysis as previously described [START_REF] Pavlidis | Using the gene ontology for microarray data mining: a comparison of methods and application to age effects in human prefrontal cortex[END_REF]). For each gene in a GO class, the P value for comparing tumor and surrounding samples was computed. The set of P values for a class was summarized by two summary statistics: (i) The LS summary is the average log P values for the genes in that class and (ii) the KS summary is the Kolmogorov-Smirnov statistic computed on the P values for the genes in that class.

Functional class scoring is a more powerful method of identifying differentially methylated gene classes than the more common over-representation analysis or annotation of gene lists based on individually analyzed genes. The functional class scoring analysis for GO classes was performed using BRB-ArrayTools.

(

5) Survival Analysis

CpG sites whose methylation was significantly related to overall survival after treatment were selected with BRB-ArrayTools survival analysis. A statistical significant level was computed for each gene based on univariate proportional hazards models. These P
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values were then used in a multivariate permutation test in which the survival times and censoring indicators were randomly permuted among arrays [START_REF] Simon | Diagnostic and prognostic prediction using gene expression profiles in highdimensional microarray data[END_REF][START_REF] Simon | Pitfalls in the use of DNA microarray data for diagnostic and prognostic classification[END_REF]. The multivariate permutation test was used to provide 90% confidence that the false discovery rate was less than 10%.

For other comparisons, means and differences of the means with 95% confidence intervals were obtained using GraphPad Prism (GraphPad Software Inc.). The Mann-Whitney test and the Wilcoxon matched pairs test were used for unpaired and paired analysis comparing average methylation between classes, respectively. P values < 0.05 were considered statistically significant.

I. Cell culture and 5-Aza-2'-Deoxycytidine treatment

The PLC/PRF/5, HepG2, Huh7, Hep3B cell lines were used throughout this study. Their main characteristics are summarized below. For the demethylation experiments, PLC/PRF/5 cells were treated with 5-Aza-2'-Deoxycytidine (AzaC) (Sigma). Twenty-four hours before the treatment, cells were seeded to the concentration of 10 6 cells/100mm culture dish and allowed to attach overnight. Cells were then treated with 10μM of 5-Aza-2'-Deoxycytidine (AzaC) for 3 days. Immediately prior to use, AzaC was dissolved in DMEM and added to the culture.

After the treatment, cells were harvested and DNA and RNA were isolated and used for
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DNA methylation (pyrosequencing) and gene expression (qRT-PCR) analysis, respectively, as described above.

METHODS

RESULTS

I. Gene candidate approach

As mentioned previously, the main goal of my thesis was to bring a better characterization of DNA methylation changes in hepatocellular carcinoma and examine their functional impact on the hepatocarcinogenesis process.

To this end, my work has been divided into 2 complementary parts:

The first part was carried out using a gene candidate approach combined with pyrosequencing technology that allows quantitative and sensitive detection of DNA methylation changes. I selected a small panel of relevant genes that are potential targets of aberrant DNA methylation according to the following criteria:

1) Genes that may have an association with liver cancer based on their supposed biological function but for which a precise quantification of this methylation level and its correlation with clinical data are still missing (GSTP1, GNMT).

Glutathione S-transferases (GSTs) are a family of enzymes that play an important role in detoxification by catalyzing the conjugation of many hydrophobic and electrophilic compounds with reduced glutathione. Based on their biochemical, immunologic, and structural properties, the soluble GSTs are categorized into 4 main classes: alpha, mu, pi, and theta. The glutathione S-transferase pi gene (GSTP1) is a polymorphic gene, encoding active, functionally different GSTP1 variant proteins that are thought to function in xenobiotic metabolism and play a role in susceptibility to cancer and other diseases [START_REF] Strange | The glutathione S-transferases: influence of polymorphism on cancer susceptibility[END_REF].

Glycine N-methyltransferase (GNMT) catalyzes the synthesis of N-methylglycine (sarcosine) from glycine using S-adenosylmethionine as the methyl donor. GNMT acts as an enzyme to regulate the ratio of S-adenosylmethionine to S-adenosylhomocysteine and participates in the detoxification pathway in liver cells [START_REF] Chen | Characterization of glycine-N-methyltransferase-gene expression in human hepatocellular carcinoma[END_REF] 2) Genes reported to be targeted by aberrant DNA methylation in HCC (RASSF1A, p14ARF, MGMT) and repetitive sequences commonly hypomethylated in cancer including HCC (LINE-1).
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RASSF1A (Ras association domain family 1 isoform A) is a tumor suppressor whose inactivation is implicated in the development of many human cancers [START_REF] Donninger | The RASSF1A tumor suppressor[END_REF]). RASSF1A mediates cell cycle arrest and senescence through modulation of the Raf-MEK-ERK pathway and inhibition of Akt, two major pathways involved in HCC development [START_REF] Thaler | RASSF1A mediates p21Cip1/Waf1-dependent cell cycle arrest and senescence through modulation of the Raf-MEK-ERK pathway and inhibition of Akt[END_REF].

p14ARF is an alternate reading frame (ARF) product of the CDKN2A locus, involved in cell cycle regulation. p14ARF inhibits MDM2, thus promoting p21 activation by p53.

p21 in turn binds and inactivates certain cyclin-CDK complexes, which would otherwise promote transcription of genes that would carry the cell through the G1/S checkpoint of the cell cycle. Loss of p14ARF by a homozygous mutation in the CDKN2A (INK4A) gene leads to elevated levels in MDM2 and, therefore, loss of p53 function and cell cycle control.

The O6-methylguanine-DNA methyltransferase (MGMT) is a DNA repair gene that perfectly illustrates the influence of abnormal epigenetics on genetic events in cancer [START_REF] Jones | The fundamental role of epigenetic events in cancer[END_REF]. The MGMT protein plays a role in removing mutagenic and cytotoxic adducts from O6-methylguanine in DNA. This is accomplished by transferring the methyl group O6-methylguanine onto an active cysteine within its own sequence in a reaction that inactivates one MGMT molecule for each lesion repaired. If left unrepaired, the O6-methylguanine may induce G:C to A:T transition mutation [START_REF] Pegg | Mammalian O6-alkylguanine-DNA alkyltransferase: regulation and importance in response to alkylating carcinogenic and therapeutic agents[END_REF]). The transcriptional silencing of MGMT by promoter hypermethylation causes G to A transition in the K-ras gene [START_REF] Esteller | Inactivation of the DNA repair gene O6-methylguanine-DNA methyltransferase by promoter hypermethylation is associated with G to A mutations in Kras in colorectal tumorigenesis[END_REF] and p53 gene [START_REF] Esteller | Promoter hypermethylation of the DNA repair gene O(6)methylguanine-DNA methyltransferase is associated with the presence of G:C to A:T transition mutations in p53 in human colorectal tumorigenesis[END_REF].

Long interspersed nuclear element 1 (LINE-1) represents a family of long terminal repeat retroposons that are interspersed throughout genomic DNA. LINE-1 elements present at over 500000 copies in the human genome and comprise about 20% of the human genome. Most of them are truncated in the 5′ region or mutated, preventing their transposition [START_REF] Sassaman | Many human L1 elements are capable of retrotransposition[END_REF]. Only 3000-4000 copies are full-length and 30 to 100 are active retrotransposons [START_REF] Brouha | Hot L1s account for the bulk of retrotransposition in the human population[END_REF]. Their methylation status is a good surrogate for the global methylation level of the human genome. Although the molecular mechanism underlying global reduction in 5-mC remains enigmatic, there is evidence that this epigenetic change may result in
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chromosomal instability, alteration of the intergenic and intronic regions of the DNA, as well as activation of cellular proto-oncogenes [START_REF] Qu | Frequent hypomethylation in Wilms tumors of pericentromeric DNA in chromosomes 1 and 16[END_REF].

3) Genes that are newly identified as targets of methylation in cancer (DOK1, CHRNA3).

CHRNA3 (nicotinic acetylcholine receptor subunit alpha 3) gene, a member of the family of genes encoding subunits of nicotinic acetylcholine receptors (nAChRs) clustered at lung cancer susceptibility locus 15q25 [START_REF] Hung | A susceptibility locus for lung cancer maps to nicotinic acetylcholine receptor subunit genes on 15q25[END_REF][START_REF] Schuller | Is cancer triggered by altered signalling of nicotinic acetylcholine receptors?[END_REF], which has been found to be epigenetically silenced in lung cancer [START_REF] Paliwal | Aberrant DNA methylation links cancer susceptibility locus 15q25.1 to apoptotic regulation and lung cancer[END_REF].

DOK1 or downstream of tyrosine kinase 1, is a member of the Dok adaptor proteins that play key regulatory roles in receptor and non-receptor kinase-initiated signaling pathways. DOK1 negatively regulates cell proliferation elicited by numerous growth factors, including platelet-derived growth factor (PDGF) and has been proposed to be a candidate tumor suppressor gene (TSG) [START_REF] Zhao | Dok-1 independently attenuates Ras/mitogen-activated protein kinase and Src/c-myc pathways to inhibit platelet-derived growth factor-induced mitogenesis[END_REF]. In addition, it has been shown to be involved in host response to infection [START_REF] Sylla | The X-linked lymphoproliferative syndrome gene product SH2D1A associates with p62dok (Dok1) and activates NF-kappa B[END_REF], making it an interesting gene in our analysis.

Although some of those genes have already been reported to be targeted by aberrant DNA methylation level, a precise quantification of this methylation level is missing due to the lack of sensitivity of the techniques previously used. Furthermore, the correlation between the DNA methylation status of these genes and risk factor exposure is still lacking.

The study has been carried out in a large panel of HCC tumors samples and non cancerous surrounding tissues associated with different risk factors (HBV infection, HCV infection, alcohol intake). The results of this section refer to the following publication entitled "Aberrant DNA methylation distinguishes hepatocellular carcinoma associated with HBV and HCV infection and alcohol intake" included in Annexe III.

RESULTS

A. Methylation patterns of RASSF1A, GSTP1, CHRNA3, DOK1, GNMT, p14ARF and MGMT genes and LINE-1 repetitive sequences in HCC, cirrhosis and normal tissues.

The results of DNA methylation analysis expressed as mean methylation levels in HCC/normal liver tissues are shown in Figure 34. With the exception of a significant decrease in MGMT methylation and a moderate increase in GNMT methylation, no differences in DNA methylation levels and patterns were detected between normal and cirrhotic tissues (Figure 34). In sharp contrast, a highly significant increase in methylation levels in RASSF1A, CHRNA3, and DOK1 genes was found in tumor tissues. Two genes (RASSF1A and DOK1) showed high levels of methylation (over 50%), three genes (p14ARF, GNMT, and MGMT) had rather low levels

RESULTS

of methylation or were virtually unmethylated (<15%), and two genes (GSTP1 and CHRNA3) exhibited intermediate levels of methylation in HCC tumors (around 30%) (Figure 34). Interestingly, we found no hypermethylation in p14ARF in HCCs compared to non-tumor tissues, and a modest but consistent decrease in MGMT methylation (Figure 34). Methylation levels across CpG sites of all genes analyzed in HCC, cirrhotic, and normal liver samples were homogeneous and did not vary significantly between individual CpG sites in any given gene analyzed (Figure 35).

RESULTS

Figure 35 Boxplots comparing the DNA methylation levels in normal, cirrhotic and HCC samples.

Representation of the results obtained after the analysis of each genes by individual CpG sites.

RESULTS

These results indicate that RASSF1A, CHRNA3, GSTP1, and DOK1 exhibit a highly significant hypermethylation in HCC tumors compared to cirrhotic and normal liver tissues, whereas MGMT showed a significant loss of methylation in both cirrhotic and HCC tissues. Global hypomethylation was next examined in HCC tumors by analyzing the methylation levels in LINE-1 sequences, repeated retrotransposons commonly used as a surrogate for global methylation level [START_REF] Chalitchagorn | Distinctive pattern of LINE-1 methylation level in normal tissues and the association with carcinogenesis[END_REF][START_REF] Yang | A simple method for estimating global DNA methylation using bisulfite PCR of repetitive DNA elements[END_REF][START_REF] Estecio | LINE-1 hypomethylation in cancer is highly variable and inversely correlated with microsatellite instability[END_REF]). While LINE-1 methylation levels were indistinguishable between cirrhotic (71.7%) and normal liver tissues (71.9%), we found a significant loss of methyl cytosine in LINE-1 sequences (an average loss of 12%) in HCC compared to cirrhotic and normal liver samples (Figure 35 and Figure 36). These results suggest that global demethylation occurs exclusively in tumor tissues and are consistent with global demethylation of the tumor cell genome. Together these results reveal that unscheduled hypermethylation (RASSF1A, GSTP1, CHRNA3, and DOK1) and demethylation (MGMT and LINE-1) of specific genes and/or genomic regions occurs concomitantly with global
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genome hypomethylation in HCC (Figure 36).

B. Hypermethylation of specific genes occurs in HCC and not in other non-HCC liver tumors and is associated with gene silencing

To examine the tumor-type specificity of aberrant hypermethylation of differentially methylated genes in HCCs, we next analyzed DNA methylation states of DOK1, GSTP1, RASSF1A, and CHRNA3 in non-HCC liver neoplasia. Analysis of liver adenoma revealed that these non-HCC liver tumors, in contrast to HCC tissues, show markedly lower levels or complete absence of methylation in either RASSF1A, GSTP1, CHRNA3, or DOK1 genes (Figure 37). These results indicate that these four genes may be preferentially targeted during HCC development and progression, whereas other genes may be susceptible to methylation in non-HCC liver tumors. As aberrant DNA methylation has been linked with unscheduled
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gene silencing in tumors, we next investigated gene expression of differentially methylated genes in HCCs. We found that HCC samples with strong hypermethylation of RASSF1A, GSTP1, CHRNA3, and DOK1 exhibited relatively low levels of its expression (Figure 38), consistent with previous studies showing an inverse correlation between DNA methylation and gene expression [START_REF] Jones | The epigenomics of cancer[END_REF].

Figure 38 Correlation between DNA methylation level and gene expression.

Gene expression levels of RASSF1A, DOK1, GSTP1, and CHRNA3 were analyzed by qRT-PCR in HCC tumors associated with different risk factors and compared to DNA methylation levels. Data are means of three independent samples ± standard deviations in each group.

RESULTS

While HCC samples with hypermethylation of DOK1, GSTP1, CHRNA3, and RASSF1A exhibited a strong downregulation of gene expression in a risk factor independent manner, some samples with low RASSF1A and DOK1 expression were unmethylated (Figure 38), consistent with the possibility that methylation-independent silencing of these genes occurs in a subset of HCC tumors. To further examine whether gene silencing is mediated by a DNA methylation dependent mechanism, we treated an HCC cell line (PLC/PRF/5) with 5-Aza-2'-Deoxycytidine (AzaC) and analyzed both mRNA expression and DNA methylation levels.

As shown in Figure 39, treatment with DNA methylation inhibitor leads to a modest but consistent demethylation of RASSF1A and DOK1, two genes with high levels of DNA methylation in HCC cells. Importantly, both RASSF1A and DOK1 responded with a higher level of expression following treatment with the demethylating agent (Figure 39), consistent with previous reports showing that DNA methylation inhibition can effectively reactivate transcriptionally silent genes associated with unscheduled hypermethylation [START_REF] Cameron | Synergy of demethylation and histone deacetylase inhibition in the re-expression of genes silenced in cancer[END_REF][START_REF] Gao | Variable DNA methylation patterns associated with progression of disease in hepatocellular carcinomas[END_REF]. 

RESULTS

C. DNA methylation states of specific genes are associated with primary risk factors

To identify risk factors associated with DNA methylation changes in HCC, we analyzed associations between the DNA methylation of seven genes under study and LINE-1 sequences with clinicopathological characteristics (gender, age and geographical origin)

and risk factor exposures. Associations between methylation levels of the selected panel of genes and repetitive sequences in HCC and clinical features and risk factor exposures are shown in Table 10. We found an association between methylation status of several genes analyzed and sex of HCC cases with significantly higher methylation levels in RASSF1A and lower methylation levels in MGMT, GNMT, and LINE-1 in men. An association between p14ARF and LINE-1 methylation in HCC and age was also found with a significant loss of both p14ARF and LINE-1 methylation in age groups 40-60 and >60 years. However, further analysis of the association between DNA hyper-/hypomethylation frequency and different age groups, revealed that only LINE-1 (and not p14ARF) was more frequently hypomethylated in the older age group (>60 years, 30%) compared to the younger age group <60 years, 11%) (Table 11). Frequency of hyper-and hypomethylation of RASSF1A, GSTP1, DOK1, MGMT, GNMT, and CHRNA3 were comparable between different age groups.

While aberrant hypermethylation of the RASSF1A, GSTP1, DOK1 and CHRNA3 genes and hypomethylation of the MGMT gene and LINE-1 sequences were observed in HCCs regardless of viral status, we found a significant hypermethylation (33%, p <0.05) of the GSTP1 gene in HBV-positive tumors compared to HBV-negative HCCs (Table 10). We found no association between methylation of any gene analyzed and HCV RNA and HBSAg status, with the exception of MGMT, which exhibited a significantly higher level of methylation in the HCV RNA negative group (23.02%, p = 0.012) than in the HCV RNA positive group (10.2%) (Table 12). 

RESULTS

RESULTS

Our analysis also revealed an association between alcohol intake and methylation of the MGMT gene, which exhibited a significantly higher level of methylation (17%) in alcoholassociated HCC tumors compared to non-alcohol-related tumors (11%) (Table 10).

HCC tumors from advanced stages (T2 and T3) exhibited lower levels of MGMT methylation compared to early stage of HCCs (T1), whereas a significant demethylation of LINE-1 repetitive sequences was not observed (Table 10). Finally, our results revealed an association between methylation status of distinct genes and geographical areas. We found that HCCs from Thailand exhibit significantly higher methylation levels in GNMT and lower methylation levels in p14ARF and DOK1 compared to tumors from France (Table 10). These results identified that aberrant DNA methylation, both hyper-and hypo-methylation, of key cellular genes in HCC is associated with major risk factors, including HBV infection and alcohol intake, as well as with age, gender, and geographical location.

Finally, we analyzed associations between the methylation of seven genes under study and repetitive sequences in cirrhotic samples with available epidemiological and clinical information in order to identify preneoplastic epigenetic changes. Interestingly, we found that methylation levels in several genes were associated with age (p14ARF, DOK1, GNMT) and alcohol intake (CHRNA3 and LINE-1) (Table 13). These results suggest that risk factors may influence DNA methylation levels in specific genes in pre-malignant (cirrhotic) lesions. 

RESULTS

D. Gene methylation signature and concurrent hypermethylation of multiple genes in HCC

Analysis of DNA hypermethylation frequency (defined as the percentage of tumor samples with methylation levels above 95% quantile levels in control normal liver samples) showed that three genes (RASSF1A, GSTP1, and DOK1) were most frequently methylated (76%, 54%, and 62%, respectively), one gene (CHRNA3) exhibited intermediate methylation frequency (20%) and the three remaining genes (GNMT, MGMT, and p14ARF) were hypomethylated at low frequency (10%, 3%, and 8%, respectively) in HCCs (Table 14). These results show that RASSF1A, GSTP1, and DOK1 * Samples with methylation levels above the quantile representing the upper 95% of methylation in normal-appearing liver tissue samples. * *Samples with methylation levels below the quantile representing the lower 5% of methylation in normal appearing liver tissue exhibit a highly frequent hypermethylation in HCCs compared to non-tumor liver tissues. Analysis of DNA hypomethylation frequency revealed that LINE-1 and MGMT were most frequently hypomethylated (67% and 55%, respectively), two genes (GNMT and DOK1) showed moderate hypomethylation (25% and 19%, respectively), whereas the four remaining genes (RASSF1A, GSTP1, p14ARF, and CHRNA3) were hypomethylated at low frequency in HCCs (Table 14). Frequencies of hypomethylation were homogeneously distributed across three major risk groups, with the exception of
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DOK1 and GNMT, which exhibited significantly lower frequency of hypomethylation in HBV-associated and alcohol-associated HCCs, respectively (Table 14).

When analyzed individually, 74% of the HCC samples exhibited hypermethylation of at least one of the four frequently methylated genes (RASSF1A, GSTP1, DOK1 and CHRNA3) compared to 32% of cirrhotic samples, whereas 30% of HCCs had three of these four genes hypermethylated compared to only 2% of cirrhotic samples (Figure 40A).

Interestingly, promoter hypermethylation occurred concurrently in RASSF1A, DOK1, and GSTP1 in the majority (54%) of the HCCs and all (100%) of the cirrhotic tissues exhibiting hypermethylation of three genes (Figure 40A). Hypermethylation of RASSF1A, CHRNA3, and DOK1 occurred concurrently in 42% of HCCs, whereas concurrent hypermethylation of GSTP1, DOK1, and CHRNA3 was detected at significantly lower frequency (4%) in HCCs (Figure 40A). Furthermore, hypermethylation occurred concurrently in RASSF1A and DOK1 in the vast majority (80%) of HCCs and all (100%) of cirrhotic tissues exhibiting hypermethylation of two genes (Figure 40A), whereas concurrent hypermethylation of any other three genes was detected at lesser frequency in HCCs (Figure 40A). These results indicate the existence of concurrent hypermethylation of specific genes in HCC. We next analyzed DNA methylation frequencies in those four differentially methylated genes in relation to HBV and HCV infection and alcohol consumption. As shown in Figure 40B, methylation frequencies of RASSF1A, DOK1, and GSTP1 show remarkably distinct patterns depending on the associated risk factor. HBV positive HCCs had concurrent hypermethylation of three genes (RASSF1A, DOK1, and GSTP1) and two genes (RASSF1A and DOK1) in the vast majority of HBV-associated HCCs exhibiting hypermethylation of any three and any two genes, respectively (Figure 40). Concurrent hypermethylation of any other three genes was detected at strikingly lower frequency in HBV-associated HCCs: RASSF1A, CHRNA3, and DOK1 (12%) or GSTP1, DOK1, and CHRNA3 (0%) (Figure 40B). In contrast, all HCVpositive tumors (100%) exhibiting hypermethylation of three genes showed aberrant methylation levels in RASSF1A, CHRNA3, and DOK1, whereas hypermethylation in tumors with two methylated genes was relatively well distributed between three pairs:

RASSF1A and GSTP1 (50%), RASSF1A and DOK1 (33%), and GSTP1 and CHRNA3 (17%) (Figure 40B). 

RESULTS
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Interestingly, the majority of alcohol-associated HCCs showed hypermethylation in three and two genes (30% and 32%, respectively), among which a significant proportion exhibited hypermethylation of RASSF1A and DOK1 (93%) and RASSF1A, CHRNA3, and DOK1 (57%) (Figure 40B). These results indicate that HBV, HCV infection and alcohol intake may have a strong influence on the methylation state in specific genes in HCC, and that concurrent hypermethylation of certain genes may be specific to major risk factor exposure.

Among the 7 studied genes, 4 genes were found differentially hypermethylated in HCC.

They are involved in host response to infection (DOK1), Ras signaling (RASSF1A), neurotransmission and angiogenic growth (CHRNA3), and detoxification of carcinogens (GSTP1). This detailed analysis of DNA methylation allowed us to identify associations with age, gender, geographical locations and risk factor exposures. However, it also revealed new genes CHRNA3, DOK1 showing aberrant DNA methylation in HCC. This suggests that many genes may be altered by aberrant DNA methylation in HCC and highlights the interest in performing a genome-wide analysis in those samples in order to identify new genes showing aberrant methylation.

Most of the results in the next section have been published in the article entitled "Hepatocellular carcinoma displays distinct DNA methylation signatures with potential as clinical predictors " in Annexe IV.

RESULTS

II. Genome-wide approach

A.

DNA promoter methylation in HCC samples

To investigate whether HCC could harbor specific methylation profiles, DNA methylation of 1505 CpG sites was analyzed using Illumina bead arrays. HCC samples from a total of 38 subjects were suitable for analysis, including 30 pairs of HCC tumors/surrounding tissues. In addition, 4 liver adenoma tumors/surrounding samples and 4 cancer cell lines were included for comparison. 1219 probes were used in the analysis, after excluding those with a P value higher than 0.01 in more than 10% of the samples, and those in chromosome X (to avoid the gender effect). An initial unsupervised hierarchical clustering analysis was able to distinguish HCC samples (tumor and surrounding tissues) from other types of tumors (breast and esophageal cancer), blood and cell lines (Figure 41). This preliminary analysis indicates that DNA methylation profile is tissue-specific. Moreover, HCC cell lines exhibit a DNA methylation pattern strongly distinguishable from HCC samples. Unsupervised clustering within HCC samples was also able to distinguish 2 clusters enriched in tumors and surrounding tissue samples (Figure 42).

Together with the proper clustering of the replicates in the unsupervised analysis, the scatter plots analysis confirmed the quality and reproducibility of the methylation profiling (Figure 43).

RESULTS

Figure 

RESULTS

Overall, tumor samples displayed a small but significant increase in average promoter CpG methylation (median methylation of 0.16 and 0.23 for surrounding and tumor tissue, respectively, P <0.05) (Figure 44). This contrasts with the global DNA methylation as assessed with the LINE-1 element [START_REF] Daskalos | Hypomethylation of retrotransposable elements correlates with genomic instability in non-small cell lung cancer[END_REF], which shows a significant hypomethylation in tumors compared to surrounding tissue in agreement with the first section of results (P < 0.005, Figure 44). Significant differences (P < 0.05) between tumor and surrounding tissue. B. Global methylation was studied by pyrosequencing using primers against LINE-1 elements [START_REF] Daskalos | Hypomethylation of retrotransposable elements correlates with genomic instability in non-small cell lung cancer[END_REF]. A significant hypomethylation in tumors, relative to surrounding tissue, is shown by a (*) (<0.05).

An unsupervised analysis of samples grouped by risk factors (HBV, HCV, alcohol consumption, or unknown risk) showed that surrounding tissues were clustered together, while tumor tissues were in a separate group among which HCV-associated HCC were the most divergent subset (Figure 45).

RESULTS

Figure 45 Clustering analysis after grouping the samples by etiological factors.

Surrounding and tumours samples are identified as S and T respectively.

When analyzing the average promoter methylation for these groups, an increased methylation was consistently found in tumor samples relative to surrounding tissue, with the exception of adenoma samples (Figure 46). This increase in average promoter methylation was statistically significant for HBV and HCV samples (P < 0.0001 for both paired analysis). Although promoter methylation was also increased in alcohol-related and unknown-risk HCC samples, the difference did not reach statistical significance.

Therefore, a distinct promoter methylation profile is common to all HCC tumors, with global non-promoter hypomethylation and increased promoter methylation.

RESULTS

Figure 46 Average methylation for all 1505 CpG sites from the same etiological groups.

Significant differences (P < 0.05) between tumor and surrounding tissue are represented with an asterisk (*).

B. Signature and prediction of HCC by DNA promoter methylation profiling

To distinguish those genes differentially methylated between tumors and surrounding tissue, a class comparison tool (BRBArrayTools v3.8) was used, as described in Methods.

After filtering for a P value < 0.001 and correcting for a False Discovery Rate (FDR) < 0.1, 124 CpG sites were shown to be differentially methylated. Several CpG sites corresponded to the same gene promoter, and consequently, a total of 94 genes were considered as differentially methylated. Approximately one third of the significant promoters were significantly represented by more than one CpG site, arguing in favor of the quality of this data. Relative to surrounding tissues, tumors showed increased methylation in 34 (27%) of these CpG sites (corresponding to 27 gene promoters, including RASSF1, APC, and CDKN2A), and reduced methylation in 90 (73%) (corresponding to 66 gene promoters, including GABRA5, NOTCH4, and PGR)(Figure 47 and Annexe II).
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RESULTS

Validation of a subset of 8 gene promoters by pyrosequencing was consistent with the bead arrays results (Figure 48A). The correlation between pyrosequencing and bead array analysis was statistically significant (P value < 0.0001, Figure 48B). In addition, hypermethylation of RASSF1A and of APC promoters was associated with a significantly lower expression in HCC tumors, as assessed by qRT-PCR (Figure 49). 

RESULTS

To analyze the frequency of methylated or unmethylated CpG sites in tumors relative to surrounding tissue we used the upper and lower quartile of surrounding tissue to set a threshold (see Methods). This analysis yielded a similar result, with 7 and 35 CpG sites respectively hyper-and hypomethylated in tumors (Figure 50).

The ontological analysis of the differentially methylated genes showed enrichment for ontology terms related to development, including the Wnt-βcatenin, TGF-β, Hedgehog and Notch signaling pathways. Methylation of some of these genes has previously been described in HCC (i.e. APC, p16/CDKN2A), validating the sensitivity of this assay [START_REF] Yang | Aberrant promoter methylation profiles of tumor suppressor genes in hepatocellular carcinoma[END_REF][START_REF] Zhong | Intensive hypermethylation of the CpG island of Ras association domain family 1A in hepatitis B virus-associated hepatocellular carcinomas[END_REF][START_REF] Zhu | DNA methylation and hepatocellular carcinoma[END_REF]). However, many gene promoters that were not previously linked to HCC showed differential methylation, including those involved in apoptosis (IRAK3, MYOD1), immune response (HLA-DQA2, GSTM2, IFNγ), growth factor signaling (EGF, FGF6, IGF1R, NGFR), cell cycle regulation (CCND2), and metastasis (CDH17, MMP1, MMP3, MMP9) (Figure 50). Interestingly, promoters in the HCC signature included a number of imprinted genes that were consistently hypomethylated in HCC relative to surrounding tissue (GABRA5, GABRG3, HBII-52, MEST, MKRN3, TRPM5, and ZIM3). For most of them there were at least 2 CpG sites differentially methylated, suggesting that this observation is biologically significant.

The ability to discriminate tumor from surrounding tissue may have clinical impact, especially when small sets of genes are able to produce robust predictions. The significant differences between surrounding and HCC tissues after class comparison suggested the possibility of building a multivariate predictor from this gene set.

Therefore, we next used a subset of CpG sites to predict the class of an independent series of HCC tumors and matching surrounding tissues. The models incorporated genes that were differentially methylated between tumor and surrounding tissue at the 0.001 significance level, as assessed by the random variance t-test. The prediction error of each model was assessed using leave-one-out cross-validation (LOOCV) [START_REF] Simon | Pitfalls in the use of DNA microarray data for diagnostic and prognostic classification[END_REF]. Interestingly, the 124 CpG sites included in the HCC signature were able to discriminate tumor and surrounding tissue in all the samples included in the second series. 
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We next tried to design a predictor with a minimum number of CpG sites using the Prediction Analysis of Microarrays tool (PAM) [START_REF] Tibshirani | Diagnosis of multiple cancer types by shrunken centroids of gene expression[END_REF] 

RESULTS

was obtained for an independent series of HCC samples and HCC surrounding tissues, after unsupervised hierarchical clustering analysis.

C. Methylation profile is associated with tumor progression

In order to find CpG sites potentially associated with tumor progression, we were negative for lymph node invasion (N0) and metastasis (M0). Globally, tumors of the first 2 stages (T1 and T2) displayed a similar methylome profile, while 24 CpG sites were differentially methylated in advanced tumors (T3) (Figure 52). All CpG sites were significantly hypermethylated in advanced tumors, and most of them show a trend to be progressively hypermethylated from T1 through T3 (Figure 52). 

RESULTS

The set of 24 CpG sites hypermethylated in advanced HCC tumors are located in genes involved in immune response and adhesion (IL18BP, IPF1, HLA-DOB, CSPG2, GJB2 and PMP22), and the cell cycle (CCND2 and NTKR3). Similarly, the grade of differentiation was associated with changes in methylation only in the least differentiated tumors (grade 3). Three CpG sites were significantly hypomethylated in grade 3 tumors (e.g. 

D. Methylation pattern is associated with risk factors

The HCC samples analyzed in this study were obtained from patients exposed to different risk factors, including HBV infection, HCV infection and alcohol consumption. In order to identify risk factor-specific profiles of methylation we performed a class comparison analysis including these groups and a group of HCC samples with unknown
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risk factors (negative for HBV or HCV infection, and no history of alcohol consumption).

After class comparison analysis, a reduced set of genes was significantly hypermethylated in each group relative to the other 3 groups (Figure 54).

By comparing these groups it was possible to select CpG sites specifically modulated in alcohol-related (DIO3 and STAT5A), HBV-related (NAT2, CSPG2, DCC, NTKR3, TNFSF10, TNFRSF10C, and RASGRF1) and HCV-related HCCs (RIK and CHGA). Samples from unknown risk factor patients displayed a mixed profile, with hypermethylation of several of these promoters, probably reflecting their heterogeneous origin (Figure 54 and Table 15). 
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glucuronosyltransferase, involved in bilirubin transformation) and PLG (encoding for a enzyme that degrades many blood plasma proteins). 

E. HCC methylation profile and prediction of survival

RESULTS

58 CpG sites were found to be correlated with survival after treatment. Only the first 10

CpG sites with the highest ability to differentiate between these two groups and the lowest p-value are shown in Table 16.

Table 16 Survival signature component .

Interestingly, this survival signature composed of 58 CpG sites was significantly enriched in the promoters of genes involved in ERK/MAPK, IGF-1 signaling, two important pathways deregulated in HCC and immune response (Table 17).

Table 17 Pathway analysis for the 58 CpG sites included in the survival predictor showing the 5 significantly enriched pathways.

RESULTS

In addition, the differences found in DNA promoter methylation were reflected in different expression profiles for some of the genes ranking highest in the survival prediction analysis (Figure 56). This suggests that control of immune and growth factor response genes by methylation may represent a potential mechanism directly affecting the survival of HCC patients.

Figure 56 Survival risk predictor in HCC

Quantitative RT-PCR was performed for some of the genes with the highest ability to predict survival in HCC (MYLK, FLT1, CDKN1C and TAp73, in a subset of samples with high and low risk (left panel). This expression data have been compared with the methylation status of these genes (right panel).
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F. Deregulation of imprinting genes in HCC

Interestingly, the analysis of chromosomal distribution for the 76 genes distinguishing HCC tumors from surrounding tissues shows an overrepresentation of chromosomes 11, 15, and 19 (Figure 57). These locations included known imprinted genes that were differentially methylated in HCC, relative to surrounding tissue. 

RESULTS

In addition, hypomethylation of GABRA5 promoter has be shown to be inversely correlated with its expression in tumors compared with surrounding tissues (Figure 58). The color lines represent the three probes targeting GABRA5 promoter in the bead array. GABRA5 expression levels in tumors are represented by grey histograms while levels in surrounding samples are in white.
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GABRA5 is member of a cluster of imprinted genes located in the 15q11-13 region leading to the obvious question whether this deregulation at the expression level was affecting all the clustered genes. Thus, the expression status of the imprinted genes within this cluster has been checked as well as some neighbour genes located near this cluster and not reported to be imprinted. Remarkably, all genes analysed were shown to be deregulated in tumors compared with paired surrounding tissues (Figure 59). With the exception of GABRA5, for which methylation status was inversely correlated with a significant overexpression of its transcript in tumors, most others genes in this cluster were downregulated in tumors compared with surrounding samples, suggesting a global deregulation of the cluster. Moreover, aberrant changes in the expression of the nonimprinted genes was also observed.

Imprinted genes, within a cluster, are under the control of specific regulatory regions, suggesting that their regulation and disruption may have a common basis. We thus investigated the methylation profile of the imprinting control region (ICR) controlling imprinted genes within the 15q11-13 locus. This ICR comprises two regulatory regions, the PWS-SRO located around the SNRPN promoter and the AS-SRO located 35 kb upstream [START_REF] Perk | The imprinting mechanism of the Prader-Willi/Angelman regional control center[END_REF]. While methylation of the AS-SRO region was slightly decreasing in tumors, we found that the PWS-SRO region was significantly hypomethylated in tumors compared to surrounding tissues (Figure 60). Remarkably, ICR methylation status correlates better than promoter methylation level with GABRA5 expression as illustrated by the samples 44 N and 44T, for which ICR methylation and expression status are unchanged. This work has allowed us to determine the CpG methylation profile of HCC in a wide panel of cancer-related promoters. A differential analysis identified a signature of the genes specifically methylated in HCC with respect to surrounding tissue. Although a number of known promoters were found to be differentially methylated in HCC, we identified new candidate promoters that are potentially involved in the development and progression of liver cancer. By correlating the methylation data with clinical
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outcomes it was possible to establish a DNA methylation predictor of patient survival and clinical parameters such as stage and grade. The strength and low complexity of these signatures, based on a reduced number of gene promoters, makes them a potential novel strategy for early detection and clinical prediction in HCC. In addition, this work provides new insights on the possible mechanisms triggering hepatocarcinogenesis.

Indeed, imprinted genes have been found commonly deregulated in HCC tumors, suggesting a potential role of this specific mechanism in HCC development.

RESULTS

DISCUSSION

Epigenetic events are believed to play a major role in the initiation, development and progression of cancer. However, a characterization of the epigenetic changes at every step of the carcinogenesis process is still missing and may provide a better understanding of the mechanisms triggering tumor origin and progression, but may also offer promising opportunities for therapeutic applications. Diverse dietary and environmental factors are suspected to be involved in the development of human cancers by modulating epigenetic mechanisms, however the contribution of those changes on cancer development remain elusive and the specific genes targeted by aberrant epigenetic modifications are still only partially known.

In hepatocellular carcinoma (HCC), heterogeneity is a well known biological feature reflecting the diverse etiological factors and the different geographical sites of development of the disease [START_REF] Llovet | Hepatocellular carcinoma[END_REF]. Identification of the tumor's molecular singularities is an important issue to improve the efficacy of molecular therapies in HCC.

In the presented studies we have identified aberrant DNA methylation patterns in HCC associated with different risk factors. By this profiling, we discovered specific methyl marks that can be used as biomarkers of exposures or tumor progression but also as predictive ends. In addition, specific DNA methylation changes in HCC relative to surrounding tissues revealed deregulation of a specific family of genes, the imprinted genes, suggesting a possible role of this mechanism in the hepatocarcinogenesis process.

I. DNA methylation as a specific biomarker of HCC

We identified a signature of the genes specifically methylated in HCC with respect to surrounding tissue. This signature includes genes already known as targets of DNA methylation but also genes never reported in HCC like GABRA5, CHRNA3, DOK1. This supports and extends the previous findings on DNA methylation and provides a novel and more comprehensive signature of HCC methylation.

Due to its specificity, this signature suggests that aberrant DNA methylation may constitute a key step in the hepatocarcinogenesis process. In addition, it may provide new understanding of the mechanisms triggering HCC development. The importance of the role of DNA methylation has previously been described in HCC. Epigenetic changes on RASSF1A, p16, and p15 tumor suppressor genes in serum DNA have been shown to be potential biomarkers for early detection in populations at high risk for HCC [START_REF] Zhang | Predicting hepatocellular carcinoma by detection of aberrant promoter methylation in serum DNA[END_REF]). The tumor suppressor APC also seems to be a common marker for HCC detection and is consistently found hypermethylated in HCC [START_REF] Lee | Aberrant CpG island hypermethylation along multistep hepatocarcinogenesis[END_REF], whereas SYK and CRABP1 hypermethylation have been considered as useful prognostic markers in HCC [START_REF] Lee | Prognostic implications of and relationship between CpG island hypermethylation and repetitive DNA hypomethylation in hepatocellular carcinoma[END_REF]. A previous screening of 105 promoters identified that the epigenetic activation of Ras and downstream Ras effectors was common in HCC and was associated with poor prognosis [START_REF] Calvisi | Mechanistic and prognostic significance of aberrant methylation in the molecular pathogenesis of human hepatocellular carcinoma[END_REF]. In other studies, increased methylation was shown in the p16 and GSTP1 genes in HCC compared to matching non-malignant cirrhotic liver [START_REF] Zhang | High frequency of promoter hypermethylation of RASSF1A and p16 and its relationship to aflatoxin B1-DNA adduct levels in human hepatocellular carcinoma[END_REF][START_REF] Lee | Aberrant CpG island hypermethylation along multistep hepatocarcinogenesis[END_REF][START_REF] Jung | Expression of DNA methyltransferase 1 is activated by hepatitis B virus X protein via a regulatory circuit involving the p16INK4a-cyclin D1-CDK 4/6-pRb-E2F1 pathway[END_REF]). The gene ontology analysis revealed that this aberrant DNA methylation profile is clearly reflecting the deregulation of fundamental pathways in HCC as Wnt/β catenin pathway.

We also observed a consistent DNA hypomethylation of MGMT, the gene encoding an enzyme involved in the repair of DNA damage from alkylating agents, during HCC progression, suggesting that the loss of methyl-cytosine at the MGMT gene promoter may be an early and transient biomarker of hepatocarcinogenesis. Because MGMT methylation is a hallmark of specific cancers [START_REF] Jacinto | MGMT hypermethylation: a prognostic foe, a predictive friend[END_REF], it is perhaps surprising to find a consistent loss of methyl cytosine in the MGMT promoter in both cirrhotic and HCC tissues. However, these findings are consistent with other studies showing that MGMT hypermethylation is an infrequent event in liver cancer [START_REF] Esteller | Detection of aberrant promoter hypermethylation of tumor suppressor genes in serum DNA from non-small cell lung cancer patients[END_REF][START_REF] Esteller | A gene hypermethylation profile of human cancer[END_REF][START_REF] Su | Differential DNA methylation associated with hepatitis B virus infection in hepatocellular carcinoma[END_REF]).

Genes found differentially methylated in preneoplastic tissues (cirrhotic) are MGMT, GNMT, UGT1A7 and PLG. Genetic polymorphisms of UDP-glucuronosyltransferase UGT1A7, encoding a UDP-glucuronosyltransferase involved in multiple metabolic pathways, including the metabolism of hormones and the metabolism of xenobiotics by cytochrome P450, have already been associated with cirrhosis and hepatocellular carcinoma [START_REF] Tseng | UDP-glucuronosyltransferase 1A7 genetic polymorphisms are associated with hepatocellular carcinoma risk and onset age[END_REF][START_REF] Tang | UDP-glucuronosyltransferase 1A7 polymorphisms are associated with liver cirrhosis[END_REF]). Thus, we may hypothesize that UGT1A7 DNA methylation status in cirrhosis may predispose HCC development later on. Similarly plasminogen, encoded by PLG, is a circulating zymogen that is converted to the active enzyme plasmin and whose main function is to dissolve fibrin clots. It is noteworthy that PLG transcript expression has been reported to be reduced in HCC [START_REF] Kinoshita | Underexpression of mRNA in human hepatocellular carcinoma focusing on eight loci[END_REF]. The presence of aberrant methylation in specific genes in cirrhotic tissue, although at low frequency, is consistent with the notion that hypermethylation of selected genes in pre-malignant lesions may precede and promote the development of liver neoplasia. The methylation of these genes in a subset of histologically non-tumorigenic (cirrhotic) liver samples may indicate early methylation changes in normal cells that precede their oncogenic transformation. Alternatively, it may reflect the presence of microscopically undetectable transformed hepatocytes.

Nevertheless, our results suggest that the detection of promoter methylation of certain genes may identify cells with a potential for neoplastic transformation within preneoplastic (cirrhotic) lesions. These promising data suggest that the DNA methylation status of those genes may be useful as an early biomarker in non-invasive screening of high risk populations. The detection of early epigenetic changes in plasma from high risk populations would be an important advance in the early diagnosis of HCC patients.

II. Possible mechanisms inducing changes in

DNA methylation

In our studies, we identified specific DNA methylation changes independent or not of risk factors exposure. However, the mechanisms underlying these specific changes remain unclear. As described in the introduction of the thesis, the establishment of methylation marks is an active process that requires specific epigenetic players, the DNA methyltransferases, but also depends on methyl groups availability. Here, I will describe the different mechanisms by which specific risk factors exposure may induce DNA methylation changes (Figure 61).

There are already evidences in the literature that specific environmental exposures can induce DNA methylation changes, as has been discussed throughout this thesis. Indeed, alcohol consumption, through acetaldehyde, its carcinogenic compound, has been shown to impair folate absorption leading to a decreased production of SAM, the methyl donor for DNA methylation reactions [START_REF] Hidiroglou | Effect of chronic alcohol ingestion on hepatic folate distribution in the rat[END_REF]. This can lead to global hypomethylation and DNA instability. We can also hypothesize that viral proteins like HBx for HBV or the protein core for HCV can disrupt the one-carbon metabolism leading to aberrant DNA methylation status (Figure 61-1), although there is no experimental evidence for this.

HBV infection can also trigger epigenetic deregulation through different mechanisms. It is hypothesized that the HBV genome may be targeted for methylation mediated silencing by host surveillance machinery and the gradual spread of DNA hypermethylation may affect nearby genes or enhancers (Figure 61-2). Alternatively, activation of the host surveillance mechanism may exhibit long-range effects resulting in hypo-/hyper-methylation of other parts of the host genome (Figure 61-2). Moreover, as mentioned above, the HBx protein, known as a carcinogenic protein, may also play a key role in DNA methylation changes. Indeed, it has been already shown that HBx upregulates DNMTs expression, via a direct binding [START_REF] Zheng | Epigenetic modification induced by hepatitis B virus X protein via interaction with de novo DNA methyltransferase DNMT3A[END_REF] or through cyclinD1 mediated pathways [START_REF] Park | Aberrant epigenetic modifications in hepatocarcinogenesis induced by hepatitis B virus X protein[END_REF])(Figure 61-3). HBx can play different role according to its cellular location. In the cytoplasm, HBx can activate signaling cascades [START_REF] Waris | Mitochondrially associated hepatitis B virus X protein constitutively activates transcription factors STAT-3 and NF-kappa B via oxidative stress[END_REF])(Figure 61-4), whereas in the nucleus, it can interact with transcription factors to modulate gene expression [START_REF] Sung | Deregulated direct targets of the hepatitis B virus (HBV) protein, HBx, identified through chromatin immunoprecipitation and expression microarray profiling[END_REF])(Figure 61-5). The same hypothesis can be suggested for HCV core protein.

Indeed, there are recent indirect evidences for a role of HCV core protein in modulating the methylation of specific gene promoters (e.g. RASSF1A, E-Cadherin) [START_REF] Guo | Hepatitis C virus core upregulates the methylation status of the RASSF1A promoter through regulation of SMYD3 in hilar cholangiocarcinoma cells[END_REF][START_REF] Ripoli | Hypermethylated levels of E-cadherin promoter in Huh-7 cells expressing the HCV core protein[END_REF].

However, most of the DNA methylation changes observed in our study are independent of risk factors exposure, thus the chance that they individually trigger, via viral DNA integration, viral protein or specific molecules, the same aberrant DNA methylation signature is relatively low. Thus, we can easily hypothesize that the global hypomethylation of the genome as well as the specific hypomethylation in imprinted sequences observed in our series of samples are the result of a common mechanism.

Chronic inflammation is a common consequence of HBV, HCV infection as well as alcohol intake. There are already some evidences that inflammatory mechanisms can interact with epigenetic players leading to DNA methylation changes [START_REF] Hahn | Methylation of polycomb target genes in intestinal cancer is mediated by inflammation[END_REF][START_REF] Gasche | Interleukin-6 promotes tumorigenesis by altering DNA methylation in oral cancer cells[END_REF]). In our case, viral infection as well as heavy alcohol intake can be sensed by immune cells (Figure 61-6) that will produce specific cytokines that will activate inflammatory pathways (Figure 61 

A. Alcohol exposure

As previously mentionned, alcohol consumption has been shown to alter DNA methylation in hepatic tissue by disrupting folate metabolism and/or methionine synthesis, which might decrease levels of the universal methyl donor SAM [START_REF] Hamid | New perspectives on folate transport in relation to alcoholisminduced folate malabsorption--association with epigenome stability and cancer development[END_REF]). Our results revealed significantly higher levels of MGMT methylation in alcohol-associated HCCs, suggesting that alcohol may target specific genes for hypermethylation. MGMT is involved in DNA repair [START_REF] Jacinto | MGMT hypermethylation: a prognostic foe, a predictive friend[END_REF]; therefore alcohol may modulate the function of DNA repair. Indeed, the silencing of MGMT via hypermethylation in alcohol related HCC may induce cytotoxic adducts from O6-methylguanine in DNA, leading to a mutagenic phenotype [START_REF] Esteller | Inactivation of the DNA repair gene O6-methylguanine-DNA methyltransferase by promoter hypermethylation is associated with G to A mutations in Kras in colorectal tumorigenesis[END_REF]. Only a few previous studies have reported an association between alcohol intake and aberrant hypermethylation in human cancer, including cancer of the lung, head and neck, and colorectum [START_REF] Giovannucci | Alcohol, low-methionine--low-folate diets, and risk of colon cancer in men[END_REF][START_REF] Van Engeland | Effects of dietary folate and alcohol intake on promoter methylation in sporadic colorectal cancer: the Netherlands cohort study on diet and cancer[END_REF][START_REF] Vaissiere | Quantitative analysis of DNA methylation profiles in lung cancer identifies aberrant DNA methylation of specific genes and its association with gender and cancer risk factors[END_REF]). The imprinted gene DIO3 (deiodinase-III), found differentially methylated in alcohol-related HCC, has recently been reported to be a potential biomarker for intrauterine alcohol exposure [START_REF] Shukla | Candidate Placental Biomarkers for Intrauterine Alcohol Exposure[END_REF][START_REF] Sittig | Strain-specific vulnerability to alcohol exposure in utero via hippocampal parent-of-origin expression of deiodinase-III[END_REF], suggesting that DIO3 may be directly targeted by the compounds produced by alcohol intake. STAT5 expression has been also shown to be reduced due to alcohol intake during pregnancy [START_REF] Shankar | Physiologic and genomic analyses of nutrition-ethanol interactions during gestation: Implications for fetal ethanol toxicity[END_REF]. Our findings thus reinforce the notion that alcohol consumption may influence DNA methylation levels in specific genes, promoting tumor development through an epigenetic mechanism.

B. HBV infection

Methylation levels of GSTP1 were significantly higher in HCC tumors from HBV-positive patients than those without HBV infection. Although no correlation between HBsAg and DNA methylation status has been found, other viral mechanisms may be involved. First, it is noteworthy that the HBV genome often integrates into the host cell genome [START_REF] Gurtsevitch | Human oncogenic viruses: hepatitis B and hepatitis C viruses and their role in hepatocarcinogenesis[END_REF]. However, the most likely explanation may be based on the role of the oncogenic HBx protein as illustrated on Figure 61. Indeed, HBx protein has been shown to repress GSTP1 expression [START_REF] Niu | HBx genotype D represses GSTP1 expression and increases the oxidative level and apoptosis in HepG2 cells[END_REF]). Because GSTP1 is involved in detoxification of a wide range of carcinogens in the liver, HBV-mediated hypermethylation and silencing of GSTP1 in hepatocytes may result in the accumulation of genotoxic agents and genetic changes. Deregulation of DNMTs via HBx protein is most probably the mechanism behind GSTP1 promoter hypermethylation [START_REF] Park | Aberrant epigenetic modifications in hepatocarcinogenesis induced by hepatitis B virus X protein[END_REF][START_REF] Zheng | Epigenetic modification induced by hepatitis B virus X protein via interaction with de novo DNA methyltransferase DNMT3A[END_REF], supporting the fact that epigenetic events may trigger genetic changes. However, it is still unclear how specific promoter regions are specifically selected/targeted by this aberrant DNA methylation. Our gene-candidate study shows that GSTP1 is the first gene exhibiting aberrant DNA methylation in normal appearing tissue, suggesting that GSTP1 downregulation may be an early event in the hepatocarcinogenesis process.

In addition, promoters differentially methylated in virus-related HCC samples correspond to genes involved in immune response and induction of apoptosis.

Specifically, polymorphisms of the N-acetyltransferase encoded by the NAT2 gene have been linked to susceptibility to HBV-related HCC [START_REF] Agundez | Increased risk for hepatocellular carcinoma in NAT2-slow acetylators and CYP2D6-rapid metabolizers[END_REF][START_REF] Yu | Role of N-acetyltransferase polymorphisms in hepatitis B related hepatocellular carcinoma: impact of smoking on risk[END_REF]. The possible interaction between HBV and apoptosis pathways has already been reported [START_REF] Yano | Different apoptotic regulation of TRAIL-caspase pathway in HBVand HCV-related hepatocellular carcinoma[END_REF][START_REF] Du | Hepatitis B virus core protein inhibits TRAIL-induced apoptosis of hepatocytes by blocking DR5 expression[END_REF] suggesting that it may play a major role in hepatocarcinogenesis.

C. HCV related markers

In our study, only 2 genes were found differentially methylated in HCV associated samples. Among them, chromogranin A (CHGA) has already been proposed as a useful prognostic marker for hepatocellular carcinoma due to its high serum level in HCC patients [START_REF] Leone | Elevated serum chromogranin A in patients with hepatocellular carcinoma[END_REF]. However, this is the first time that an association with risk factor exposure is reported, suggesting a more specific exploitation of this potential biomarker. Although the mechanisms by which HCV infection may trigger epigenetic changes remain mysterious, the possible role of the HCV core protein can be suggested (Figure 61). Indeed, a recent study from Ripoli et al. shows that HCV core protein can alter CDH1 promoter methylation status in HCC cell lines as previously discussed [START_REF] Ripoli | Hypermethylated levels of E-cadherin promoter in Huh-7 cells expressing the HCV core protein[END_REF].

Our data support the fact that DNA methylation is strongly associated with environmental or risk factor exposures in HCC. The characterization of common DNA methylation changes in HCC samples, preneoplastic and normal appearing tissues suggests that this signature is specific of risk factor exposures and does not reflect tumor deregulations. However, further investigation in chronic hepatitis samples would be needed to validate this specificity. Moreover, we cannot rule out that these early DNA methylation changes may play a role in the risk factor associated -hepatocarcinogenesis process as well as that they are consequences of inflammatory signals. As detailled in Figure 61, the different risk factors may trigger DNA methylation changes through diverse mechanisms, disruption of one-carbon metabolism, viral integration or proteins.

Thus, thus further mechanistic studies on these independent processes may offer insights into the basis of these deregulations.

DISCUSSION

IV. DNA methylation as a biomarker of clinical parameters

The potential use of DNA methylation signatures as diagnostic biomarkers appears even more promising when the use of surrogate tissues, such as blood of affected individuals, is considered. [START_REF] Wong | Detection of aberrant p16 methylation in the plasma and serum of liver cancer patients[END_REF]Lee, Lee et al. 2009). The finding that aberrant DNA methylation patterns could be detected in plasma adds further support to the potential use of DNA methylation signatures for early diagnosis.

Although early detection of HCC has improved, powerful tools for early diagnosis are still missing, leading to detection only at advanced stages. The strength of the presented signatures is underscored by their validation in an independent series of HCC samples.

Importantly, despite preliminary studies on clinical prediction based on gene expression profiling [START_REF] Hoshida | Gene expression in fixed tissues and outcome in hepatocellular carcinoma[END_REF], the stability of DNA relative to RNA makes methylation profiling a tool better suited to clinical settings. In addition, the availability of signatures with a reduced number of CpG sites would enable their use for clinical prediction in, for example, paraffin-embedded samples or plasma DNA. A small set multivariate predictor may have important applications in the early detection of neoplastic transformations in populations at high risk for HCC, such as hereditary haemochromatosis patients [START_REF] Zhang | Predicting hepatocellular carcinoma by detection of aberrant promoter methylation in serum DNA[END_REF]. Similarly, the prediction of survival may be useful in improving and individualizing therapeutic decisions. Indeed, we identified a small panel of 58 CpG sites associated with survival data, which are significantly enriched in the promoters of genes involved in ERK/MAPK, IGF-1 signaling

DISCUSSION

and immune response. This data suggests that in addition to their major role in HCC, ERK/MAPK and IGF-1 pathways may also have an impact on patient survival. Thus, these multivariate signatures should be prospectively validated in larger cohorts before considering clinical applications.

V. Genome-wide studies

Although several small-scale studies of specific epigenetic marks have provided limited information about the regulation of genes via epigenetic mechanisms from different pathways, there is a need for knowledge in a broader perspective. A range of matters remains to be resolved, such as the relationships between the epigenetic players (the ''epigenetic code'') and how the environment and/or tumor development modulate the epigenetic marks. Some of this could be achieved by analyzing patterns on a genomewide scale, an approach that has at last become possible thanks to recent technological advances [START_REF] Bibikova | High-throughput DNA methylation profiling using universal bead arrays[END_REF][START_REF] Barski | High-resolution profiling of histone methylations in the human genome[END_REF][START_REF] Rauch | DNA methylation profiling using the methylated-CpG island recovery assay (MIRA)[END_REF]). In the last few years, we have witnessed a clear improvement in the techniques of DNA methylation assessment, allowing the characterization of the DNA methylome at the single base resolution (Lister, Pelizzola et al. 2009). Therefore, laboratories took advantage of these advances in order to bring a better characterization of DNA methylation changes triggering the hepatocarcinogenesis process. Recent genome-wide studies combined a large number of samples with promoter DNA methylation arrays identifying new genes differentially methylated during hepatocarcinogenesis (Table 18). Some of those studies describe the DNA methylation profile at single base resolution, bringing a detailed characterization of the DNA methylome.

Remarkably, genome-wide studies also brought a new definition of the epigenome and DNA methylome. Indeed, Irizarry et al. identified the presence of DNA methylation in CpG island shores, sequences up to 2 kb distant from CpG islands, where tissue-specific DNA methylation occurs [START_REF] Irizarry | The human colon cancer methylome shows similar hypoand hypermethylation at conserved tissue-specific CpG island shores[END_REF]. CpG island shores methylation appears to correlate with gene expression and to be deregulated in tumor samples, indicating that we should not limit our investigations to promoter regions. (Lister, Pelizzola et al. 2009). This profiling revealed the presence of non-CpG methylation in embryonic stem cells and its eventual role during differentiation. Although the function of non-CpG methylation remains to be clearly determined, the existence of DNA methylation in a non CpG configuration is a mark that has to be now considered in DNA methylation profiling studies.

DISCUSSION

Moreover, the identification of 5hmC has added an additional layer of complexity to the study of the DNA methylome. Now considered as the 6 th base of the human DNA genome [START_REF] Munzel | 5-Hydroxymethylcytosine, the sixth base of the genome[END_REF]), 5hmC should be subject to detailed profiling and analysis.

However, the failure to discriminate 5mC to 5hmC after bisulfite treatment remains an issue and may also influence the results obtained. Thus, others strategies should be considered.

As mentioned previously, improvement in DNA methylation assessment has been incredibly rapid. First, with the development of array-based platforms enriched in promoter regions, then their evolution to arrays providing a better coverage with 99% of all referenced genes, including promoter, 5' and 3' regions and those without CpG [START_REF] Varley | Intra-tumor heterogeneity of MLH1 promoter methylation revealed by deep single molecule bisulfite sequencing[END_REF][START_REF] Kim | Deep sequencing reveals distinct patterns of DNA methylation in prostate cancer[END_REF], suggesting that an amazing amount of data will be available in the next few years, and thus a better characterization of DNA methylome in the context of normal development or malignancies will be possible.

VI. Imprinting deregulation in HCC development

Our signature revealed a strong enrichment in imprinted genes within the differentially methylated genes. Interestingly, the promoter regions of those genes were hypomethylated in tumor tissues compared to their relative surrounding, a surprising feature in tumor cells, in which promoter hypermethylation is a common finding.

Genomic imprinting is a process that involves epigenetic modifications, especially DNA methylation, in order to achieve monoallelic expression without altering the genetic sequence, in a parental origin manner.

It has already been reported that genomic imprinting genes contribute to oncogenesis.

Among them, insulin-like growth factor-2 (IGF-2), as both an autocrine and paracrine growth factor, undergoes pathological biallelic expression in a wide variety of malignancies, including Wilms' tumor and adult cancers including HCC, due to the loss of imprinting (LOI) [START_REF] Ogawa | Relaxation of insulin-like growth factor II gene imprinting implicated in Wilms' tumour[END_REF][START_REF] Rainier | Relaxation of imprinted genes in human cancer[END_REF][START_REF] Kim | Biallelic expression of the H19 and IGF2 genes in hepatocellular carcinoma[END_REF][START_REF] Li | Study on the expression and genomic imprinting status of insulin-like growth factor 2 gene in hepatocellular carcinoma[END_REF][START_REF] Wu | The aberrant imprinting of insulin-like growth factor II and H19 in human hepatocellular carcinoma[END_REF]). However, this is the first time that a deregulation of promoter methylation of a large panel of imprinted genes is reported. In addition, this hypomethylation correlates with a reexpression of the imprinted genes.

Several imprinted gene products regulate cell proliferation and fetal growth; loss of their imprinted state, which effectively alters their dosage, might promote tumorigenic processes. Indeed, studies performed in mice showed that global imprinted gene expression and the disruption of the balance between paternal and maternal genome has an effect on cell proliferation and transformation. More specifically, paternally expressed imprinted genes, in the absence of maternal imprinted genes, may predispose to rapid cellular transformation [START_REF] Hernandez | Paternal and maternal genomes confer opposite effects on proliferation, cell-cycle length, senescence, and tumor formation[END_REF]. This suggests that imprinting deregulation may be one of the mechanisms triggering hepatocyte transformation and HCC development. DNA methylation is considered as the most stable epigenetic mark, so the mechanisms by which this demethylation occurs, active or passive, need to be elucidated. This suggests that global disruption of imprinting mechanism through DNA methylation changes may be a key step in the hepatocarcinogenesis process and offer new perspectives of research.

VII. Translational epigenetics

Cancer epigenetics research is now entering an exciting phase of translational epigenetics whereby novel therapeutics are being developed for application in clinical settings. Importantly, unlike genetic alterations, epigenetic changes are potentially reversible.

Among epigenetic mechanisms, DNA methylation causes reversible gene silencing in tumors and thus the reversal of this process may lead to the re-expression of important genes for cell proliferation and the induction of tumor regression. The preferred mechanism for inducing the re-expression of silenced genes is to inhibit DNMTs. The first DNMT inhibitors described were the cytidine analogs, azacytidine (5-aza-cytidine)

and decitabine (5-aza-2'-deoxycytidine) [START_REF] Jones | Cellular differentiation, cytidine analogs and DNA methylation[END_REF]. These nucleoside analogs are incorporated into DNA and bind covalently to the DNMTs, preventing the enzyme from catalyzing the reaction [START_REF] Mai | Epi-drugs to fight cancer: from chemistry to cancer treatment, the road ahead[END_REF]. Azacytidine and decitabine display antiproliferative effects against tumor cells and have been approved by the FDA for the treatment of myelodysplasia. However, these compounds have some toxic side effects and are unstable in aqueous solution [START_REF] Kantarjian | Results of decitabine (5-aza-2'deoxycytidine) therapy in 130 patients with chronic myelogenous leukemia[END_REF]. Therefore, other nucleoside analogs have been developed, including DHAC (dihydro-5-azacytidine;

no longer being developed) and 5-fluoro-2'-deoxycytidine, which is in phase I and II clinical trials for the treatment of solid tumors and hematological malignancies, respectively [START_REF] Beumer | Concentrations of the DNA methyltransferase inhibitor 5fluoro-2'-deoxycytidine (FdCyd) and its cytotoxic metabolites in plasma of patients treated with FdCyd and tetrahydrouridine (THU)[END_REF], and zebularine [START_REF] Robak | New nucleoside analogs for patients with hematological malignancies[END_REF]. These treatments appear to be less toxic and more stable, offering promising therapeutic perspectives .

The development of hepatocellular carcinoma (HCC) is a complex multistep process in which specific risk factor exposure is an initiating event. Because of their possible interaction with environmental factors, epigenetic mechanisms, including DNA methylation, are believed to play an important role in hepatocarcinogenesis.

To provide a better characterization of DNA methylation in HCC and its possible interaction with risk factor exposure, my work took advantage of a gene-candidate approach based on pyrosequencing assays and a genome-wide strategy using a promoter methylation bead array covering more than 800 cancer-related gene promoters, both being combined with a large panel of HCC tumors associated with the main known risk factors (HBV, HCV infection, heavy alcohol intake) and paired surrounding tissues (normal or cirrhotic).

We first examined the promoter DNA methylation status of a small panel of 7 relevant genes that are potential targets of aberrant DNA methylation including RASSF1A, GSTP1, MGMT, p14ARF, DOK1, CHRNA3, GNMT. We also analyzed the repetitive element LINE-1 as a surrogate for the global methylation level of the genome. The main finding was the specific hypermethylation of RASSF1A, GSTP1, CHRNA3 and DOK1genes in HCC tumors compared with surrounding tissues, CHRNA3 and DOK1 being new genes never reported as methylated in HCC. This data indicates that aberrant hypermethylation exhibits non random and tumor-specific patterns in HCC. In addition, our analysis revealed an association between alcohol intake and the hypomethylation of MGMT and between hypermethylation of GSTP1 and HBV infection, indicating that hypermethylation of the genes analyzed in HCC tumors exhibits remarkably distinct patterns depending on associated risk factors.

Next, our genome-wide analysis revealed a DNA methylation signature specific of HCC and independent of risk factor exposures. In addition, aberrant methylation of an independent subset of promoters was associated with tumor progression and etiological risk factors (HBV or HCV infection and alcohol consumption). Interestingly, distinct methylation of an independent panel of gene promoters was strongly correlated with survival after cancer therapy.

This study provided a better characterization of the aberrant DNA methylation changes occurring during hepatocarcinogenesis. Moreover, this screening offers many perspectives of research. As previously discussed, the interaction between DNA methylation machinery and risk factor exposure remains to be determined and mechanistic studies performed in in vitro and in vivo models may provide additional information. Moreover, the deregulation of imprinting genes observed in HCC tumors requires a more detailed study to better characterize the epigenetic changes taking place within the different imprinted clusters.

This work brings also perspectives in the context of molecular epidemiology research that aim to investigate the contribution of potential genetic and environmental risk factors, identified at the molecular level, in the distribution and prevention of disease across populations. Indeed, HCC has several interesting epidemiologic features including strong variations among geographic regions, ethnic groups, gender susceptibility as well as the presence of several environmental potentially preventable risk factors. The DNA methylation signatures identified by this work can be tested in larger case control cohorts in populations with high risk incidence of HCC (India, The Gambia), allowing the identification of new biomarkers that may be relevant for early detection and therapeutic implications. Indeed, the emergence of epi-drugs in clinical trials combined with the discovery of epigenetic biomarker suggest that clinically-relevant epigeneticsbased therapies and diagnostics for cancer can be developed.

Significant CpG sites after paired class comparison analysis are shown (P < 0.001) in order of significance. Imprinted genes and their corresponding CpG probes are underlined. FDR= false discovery rate. Geometric mean (S/T) represents the level of methylation in surrounding/tumor tissue. 
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  ABBREVIATIONS

Figure 2

 2 Figure 2 Anatomic classification of the liver by Couinaud The right liver lobe (Couinaud segments V-VIII), comprising 60-70% of the volume of the whole liver; the left liver lobe (Couinaud segments II-IV), comprising 30-35% of the whole liver volume; the left lateral sector (Couinaud segments II-III), comprising 20% of the whole liver volume; the left lobe and caudate lobe (Couinaud segments I-IV); and the posterior sector graft (Couinaud segments VI-VII) (Lee 2010).

  ): -Zone I: cells closest to the portal triad and first to be affected by incoming blood -Zone II: cells which are second to respond to blood (in between the portal triad and central vein) -Zone III: cells near the central vein which receive blood that has already been altered by cells in zones I and II This functional subunit is composed of six major cell types: hepatocytes, bile duct epithelial cells (cholangiocytes), Kupffer cells, hepatic stellate cells, sinusoidal endothelium, and pit cells. In addition, arterial and venous structures are lined by vascular endothelium and contain vascular smooth muscle cells. Each of the major cell types plays a specific role in the liver during normal function and during injury (Sokol 2002).

Figure 3

 3 Figure 3 Microscopic architecture of the liver parenchyma.Both a lobule and an acinus are represented. The classic hexagonal lobule is centered around a central vein (CV), also known as a terminal hepatic venule, and has portal tracts at three of its apices. The portal triads contain branches of the portal vein (PV), hepatic artery (HA), and the bile duct (BD) system. Regions of the lobule are generally referred to as "periportal," "midzonal," and "centrilobular," according to their proximity to portal spaces and the central vein. Another way of defining the architecture of the liver parenchyma is to use the blood supply as a source of reference. Using this approach, triangular acini can be recognized. Acini have at their base branches of portal vessels that penetrate the parenchyma ("penetrating vessels"). On the basis of the distance from the blood supply, the acinus is divided into zones 1 (closest to blood source), 2, and 3 (farthest from blood source)[START_REF] Kumar | Basic Pathology[END_REF]).

Figure 4

 4 Figure 4 Functional anatomy of the liver A-Scheme of the global organization of an hepatic lobule. B-Section of lobule showing the interaction between the portal trial and the hepatocytes. C-Connexion between hepatic lobules and biliary trees is based on tight junctions as illustrated in panel D (Boron and Boulpaep 2006).

Figure 5

 5 Figure 5 Cholesterol metabolism. CETP, cholesteryl ester transfer protein; Chol-E, cholesteryl ester; FFA, free fatty acid; HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; LCAT, lecithincholesterol acyltransferase; LDL, low-density lipoprotein; VLDL, very-low-density lipoprotein (Boron and Boulpaep 2006).

Figure 10

 10 Figure 10 HCV life cycle HCV life cycle. The virus circulates in the blood in association with lipoproteins and enters hepatocytes via receptor-mediated endocytosis. After translation, the nonstructural proteins mediate replication of the positive-strand RNA genome.Infectious virus assembly takes place on ER-associated lipid droplets, and virions egress through the cell secretory pathway. Abbreviations: C, capsid; E1 and E2, envelope 1 and envelope 2; ER, endoplasmic reticulum; NS, nonstructural protein[START_REF] Rehermann | Immunology of hepatitis B virus and hepatitis C virus infection[END_REF].

Figure 11

 11 Figure 11 Hepatitis C virus (HCV) genome. Schematic representation of the HCV genome. Long ORF encodes a polyprotein of ~3,010 amino acids. The numbers below the polyprotein indicate the amino-acid positions of the cleavage sites for cellular and viral proteases. An F (frameshift) protein is translated from a short alternative reading frame (ARF). E, envelope protein; NS, nonstructural protein; UTR, untranslated region (Rehermann and Nascimbeni 2005).

Figure 15

 15 Figure 15 Tumor development Schematic representation of the multistep process of tumor development during which environmental exposures may trigger genetic and epigenetic changes.

Figure 16

 16 Figure 16 Estimated age-standardized incidence rate per 100000 of liver cancer (Globocan 2008)

Figure 18

 18 Figure 18 Cellular signaling pathways implicated in the pathogenesis of hepatocellular carcinoma.AKT, a protein kinase family of genes involved in regulating cell survival; members of this family are also called protein kinases B (PKB); BAD, BCL-2-associated death promoter; BCL-XL, a member of the BCL-2 family of proteins; involved in regulating apoptosis; C-JUN, a protein that interacts with c-FOS, thereby forming the activator protein-1 (AP-1) early-response transcription factor; C-MYC, gene that encodes for a protein that binds to the DNA of other genes; overexpression of C-MYC is associated with carcinogenesis; DSH, downstream effector Dishevelled; EGFR, epidermal growth factor receptor; ERK 1/2, extracellular signal-regulated kinases; FOXO, a protein belonging to the O subclass of the forkhead family of transcription factors; GBP, guanylate-binding protein; GRB2, growth factor receptor-bound protein 2; an adaptor protein involved in signal transduction/cell communication; GSK-3b, glycogen synthase kinase-3b; IGFR, insulin-like growth factor receptor; MEK 1/2, kinases that phosphorylate mitogenactivated protein (MAP) kinase (MAPK); mTOR, mammalian target of rapamycin; p53, a tumor suppressor protein; PDGFR, platelet-derived growth factor receptor; PI3K, phosphatidylinositol-3-kinase; PKC, protein kinase C; PLCx, phospholipase Cx; 13 kinds of mammalian PLCs are classified into six models (b, g, d, e, z and Z); PTEN, phosphatase and tensin homolog; regulates cell-survival pathway; RAF, a MAP kinase kinase kinase (MAP3K) that functions in the MAPK/ERK signal transduction pathway; a serine/threonine-specific kinase; RAS, prototypical member of the RAS superfamily of

  integrating external signals. Traditionally human cancer has been considered primarily a genetic disease, but recent evidence has made clear that epigenetic abnormalities play an important role in most, if not all, human malignancies; which adds further complexity to the concept of tumor development. There is increasing interest in the possibility that epigenetic mechanisms interact with and integrate environmental signals as part of the cellular adaptation response. Epigenetic mechanisms appear to play a key role in the interaction between environmental factors and the genome[START_REF] Shen | DNA methylation and environmental exposures in human hepatocellular carcinoma[END_REF][START_REF] Jaenisch | Epigenetic regulation of gene expression: how the genome integrates intrinsic and environmental signals[END_REF][START_REF] Herceg | Epigenetics and cancer: towards an evaluation of the impact of environmental and dietary factors[END_REF]. Finally, adverse and prolonged exposure to environmental, physical, chemical and infectious agents, as well as lifestyle factors, may induce aberrant epigenetic changes that lead to chronic diseases and neoplastic processes. This is why my work has been focused on the study of epigenetic changes and their interaction with risk factor exposure in the context of HCC. So before reviewing the epigenetic changes in HCC, I will depict the different epigenetic mechanisms in mammals with more emphasis on the process of DNA methylation, in which I was particularly interested.A. Structure of the chromatin: main component of gene regulationAll levels of epigenetic regulation depend on the structure of chromatin. Chromatin constitutes the functional template on which genes are expressed in accordance with cellular need. The configuration of chromatin is highly dynamic with both active and inactive chromatin coexisting in the genome. Chromatin, in addition to compacting and thus protecting the DNA molecule, makes possible access of transcription factors and of transcriptional machinery to the gene promoter region[START_REF] Cairns | The logic of chromatin architecture and remodelling at promoters[END_REF]. Consequently, remodeling of chromatin is the starting point in gene regulation. Two conformations make up the structure of chromatin: euchromatin and heterochromatin; the predominance of one or the other structure is a function of epigenetic signals.

  genome integrity, X inactivation, DNA repair and gene regulation[START_REF] Henikoff | Assembly of variant histones into chromatin[END_REF][START_REF] Hake | Histone H3 variants and their potential role in indexing mammalian genomes: the "H3 barcode hypothesis[END_REF][START_REF] Wiedemann | Identification and characterization of two novel primate-specific histone H3 variants, H3.X and H3.Y[END_REF] Histones undergo chemical modification in the N-terminal region, called the "histone tail" which constitutes the major site for epigenetic regulation of fundamental cellular processes[START_REF] Herceg | Genetic and epigenetic alterations as biomarkers for cancer detection, diagnosis and prognosis[END_REF]. Histone modifications include acetylation, lysine and arginine methylation, phosphorylation, ubiquitination, sumoylation, ADP ribosylation, deamination and proline isomerization, all of which constitute the "histone code." This code may extend the information encoded in the DNA sequence to regulate processes like transcription, DNA repair, and replication[START_REF] Bhaumik | Covalent modifications of histones during development and disease pathogenesis[END_REF][START_REF] Kouzarides | Chromatin modifications and their function[END_REF]). Histone acetylation is largely associated with open chromatin conformation and active transcription. Histone modifications are transmitted to daughter cells and can therefore be considered a heritable epigenetic mechanism[START_REF] Sawan | Epigenetic drivers and genetic passengers on the road to cancer[END_REF][START_REF] Vaissiere | Epigenetic interplay between histone modifications and DNA methylation in gene silencing[END_REF].Histone modifications, established by histone acetyltransferases (HATs), histone methyltransferases (HMTs), and protein kinases, but also removed thanks to histone deacetylase (HDAC) and demethylase, are the principal mechanisms assuring dynamic equilibrium of the chromatin structure. Histone modifications thus provide the histone marks that provide a balance between repressive and active signals and thus ensure dose regulation of cellular processes.Aberrant histone modification profiles, or indeed the dysregulated activity of the associated enzymes, may give rise to cancer. Current evidence indicates that this can occur via at least two mechanisms; (i) by altering gene expression programmes, including the aberrant regulation of oncogenes and/or tumour suppressors, and (ii) on a more global level, histone modifications may affect genome integrity and/or chromosome segregation[START_REF] Bannister | Regulation of chromatin by histone modifications[END_REF].

  genes including CYP2E1, resulting in decreased mitochondrial oxidative stress and apoptotic potential[START_REF] Pal-Bhadra | Distinct methylation patterns in histone H3 at Lys-4 and Lys-9 correlate with up-& down-regulation of genes by ethanol in hepatocytes[END_REF][START_REF] Yang | Histone modification-mediated CYP2E1 gene expression and apoptosis of HepG2 cells[END_REF]).

  (e.g. X-chromosome inactivation[START_REF] Chow | X inactivation and the complexities of silencing a sex chromosome[END_REF] and gene imprinting[START_REF] Royo | Non-coding RNAs in imprinted gene clusters[END_REF])) but other roles in non-developmental mechanisms and cancer are only just coming to light. ncRNAs have been found to be involved in human tumorigenesis, revealing a new layer in the molecular architecture of cancer. In this sense, microRNAs (miRNAs) have been particularly studied during the last few years because of their potential role in the multistep process of tumorigenesis[START_REF] Kitade | MicroRNAs and their therapeutic potential for human diseases: microRNAs, miR-143 and -145, function as anti-oncomirs and the application of chemically modified miR-143 as an anti-cancer drug[END_REF][START_REF] Farazi | miRNAs in human cancer[END_REF]).

  However, as far as we know, only DNMT1, DNMT3A and DNMT3B interplay to produce the global cytosine methylation pattern. These independently encoded proteins are classified as de novo enzymes (DNMT3A and DNMT3B) or as a maintenance enzyme (DNMT1) (Figure21).

Figure 19

 19 Figure 19 Methyl donor through one-carbon metabolism

Figure 22

 22 Figure 22 Epigenetic reprogramming during development.The paternal genome (dark blue) is demethylated by an active mechanism immediately after fertilization. The maternal genome (pink) is demethylated by a passive mechanism that depends on DNA replication. Both are remethylated around the time of implantation. The epigenome of the embryo is established. Methylated imprinted genes and some repeat sequences (not represented here) do not become demethylated thus transmitting parental DNA methylation marks. Another reprogramming in primary germ cells is needed for the resetting of imprints. Imprinting marks are thus erased in order to establish new imprint marks that will be further transmitted to the next generation.

Figure 23

 23 Figure 23 Models representing the different possible mechanims for active DNA demethylation.

Figure 24

 24 Figure 24 Aberrant DNA methylation changes during carcinogenesis. Cancer development is mainly characterized by hypermethylation of tumor suppressor genes and global hypomethylation of the genome.

which

  HBx affects these DNA methyltransferases are not yet established. The interaction between HBx and DNMT1 is not so clear. In 2007, Park et al. proposed a potential pathway that may explain the upregulation of DNMT1 through HBx, mechanismtriggering promoter hypermethylation of tumor suppresor genes[START_REF] Park | Aberrant epigenetic modifications in hepatocarcinogenesis induced by hepatitis B virus X protein[END_REF]) (Figure25). However further investigation is needed.

Figure 25

 25 Figure 25 Hypothetical model of the effect of HBx on DNMTs leading to the epigenetic pattern of tumor cells.HBx may affect epigenetic players via several pathways inducing both hypomethylation and hypermethylation states. Adapted from[START_REF] Park | Aberrant epigenetic modifications in hepatocarcinogenesis induced by hepatitis B virus X protein[END_REF][START_REF] Tangkijvanich | Serum LINE-1 hypomethylation as a potential prognostic marker for hepatocellular carcinoma[END_REF]).

  have been developed. Most of the methods were originally used for detecting methylation changes at the single gene level but by coupling them with extensive cloning and sequencing work or combining them with microarray platforms, genome-wide analysis tools have been developed. On microarray platforms, promoter or CpG island arrays are often used to analyze important regulatory regions. Tiling arrays can be used to investigate segments of specific chromosomes or the entire genome. Most methylation analysis methods can be categorized into several well-characterized groups on the basis of their principles. Several methods are based on restriction endonucleases that possess altered sensitivity towards methylated cytosine residues present in the cleavage site. In this way, the restriction endonuclease digestion pattern depends on the methylation status of the cleavage sites and ultimately reflects methylation profiles of the given chromosomal region. Other techniques are based on antibodies or proteins that bind to methylated DNA, methods that can be combined with microarray platform as well as sequencing platform. Resolution at the single nucleotide level often requires bisulfite sequencing approaches for which high throughput techniques are currently being developed. The most common genome-wide methods for DNA methylation analysis are summarized in the figure below (Figure 26).

Figure 27

 27 Figure 27 Strategy used for this study

  and coordinated by the International Agency for Research on Cancer (IARC, Lyon, France). In France, the study was conducted in collaboration with Dr Jean-Yves Scoazec (Edouard Herriot Hospital, Lyon, France). All patients included in the study were referred for treatment to Edouard Herriot Hospital in Lyon, France between 1997 and 2009. All samples were previously subjected to pathological diagnosis, and viral infection was diagnosed serologically with viral antigen. To preserve anonymity, a specific sample ID was attributed to each case. The study was validated by the IARC Ethics Committee and the local ethics committee of each collaborating centre.

  Figure 28 H&E-stained HCC samples with surrounding non-tumor liver parenchyma. Examples of HCC samples with adjacent non-cirrhotic and cirrhotic tissues are shown in A and B, respectively. NC indicates non-cirrhotic surrounding liver tissue, C indicates cirrhotic surrounding liver tissue, and T indicates HCC tissue.

Figure 30

 30 Figure 30 DNA modification and pyrosequencing methods

Figure 31

 31 Figure 31 Example of pyrograms obtained after pyrosequencing in cirrhotic and tumor samples.

Figure 34

 34 Figure 34 Boxplots comparing the DNA methylation levels in normal, cirrhotic, and HCC samples. Summary boxplots obtained by the analysis of the average levels of all CpG sites in a given sequence analyzed. The statistical significance for DNA methylation level in tumor and cirrhotic tissues is compared to normal samples and represented by *** (p-value <0.0001).

Figure 36

 36 Figure 36 Summary of DNA methylation changes in all seven genes studied and LINE-1 sequences between HCC, cirrhotic and normal liver tissues.

Figure 37

 37 Figure 37 Boxplots comparing the mean DNA methylation levels in HCC and non-HCC liver tumors.

Figure 39

 39 Figure 39 Azacytidine treatment in PLC/PRF/5 cell line. PLC/PRF/5 cells were treated with 10μM 5-aza-2'-deoxycytidine for 3 days, and expression levels and DNA methylation status of the genes indicated were analyzed by qRT-PCR and pyrosequencing, respectively. The data presented are means of triplicate samples ± standard deviations and are representative of three independent experiments.

Figure 40

 40 Figure 40 Gene methylation signature in HCC tumors associated with major risk factors. A. Frequency of DNA hypermethylation of the genes analyzed in normal liver tissues, cirrhosis and HCC tumors. B. Gene methylation signature in HCC tumors associated with major risk factors and concurrent hypermethylation of multiple genes. Frequency of hypermethylation of single or multiple genes in HCC tumors associated with HBV infection, HCV infection, and alcohol exposure.

RESULTSFigure 42

 42 Figure 41 Clustering analysis of different tumor types, blood and cell linesClustering analysis of all HCC tumors included in the bead array assay and a set of different types of samples (breast carcinoma-BC, esophageal carcinoma-EC, blood samples, normal samples-N and cell lines). For the upper part of the cluster, names are given manually according to the enrichment of specific clusters. 1505 CpG sites are included. Yellow indicates hypomethylated and red indicates hypermethylated CpG sites.

Figure 43

 43 Figure 43 Scatterplot of technical replicatesRepresentative logarithmic plot of two replicates included in the array, showing proper consistency of methylation (r 2 value is included on the plot).

Figure 44

 44 Figure 44 Global DNA methylation profile A. Average promoter methylation of all 1505 CpG sites, in HCCs and surrounding tissue.Significant differences (P < 0.05) between tumor and surrounding tissue. B. Global methylation was studied by pyrosequencing using primers against LINE-1 elements[START_REF] Daskalos | Hypomethylation of retrotransposable elements correlates with genomic instability in non-small cell lung cancer[END_REF]. A significant hypomethylation in tumors, relative to surrounding tissue, is shown by a (*) (<0.05).

FigureRESULTSFigure 49

 49 Figure 48 Validation of bead arrays by pyrosequencing A.Pyrosequencing assays were designed for the validation of 8 gene promoters differentially methylated between tumor and surrounding HCC samples (upper dot plot). The level of methylation is shown in a percentage scale. Primers were designed as described in Materials and Methods. A dot plot representing the corresponding levels of methylation (in a 0 to 1 scale) for the same genes in the bead arrays assay is shown in the lower panel. B.Correlation analysis from the data presented in (A).

Figure 50

 50 Figure 50 Analysis of frequency of methylation AVG-Β values in the surrounding tissues were used to define the percentiles 25 and 75 for each CpG site (see Methods). These percentiles were used as a reference to define the frequency of methylation in tumors. A. Box plots representing the 3 CpG sites with highest frequency of methylation in tumors (upper panel) and highest frequency of unmethylation in tumors (lower panel) calculated in this way. S = surrounding, T = tumor. (*) P value < 0.001. B. Table showing the CpG sites frequently methylated in more than 75% of the tumors relative to surrounding tissues. C.Table showing the CpG sites frequently unmethylated in more than 75% of the tumors relative to surrounding tissues.

Figure

  Figure51A, a minimum of 20 CpG sites is required to minimize the number of misclassification errors. This 20 CpG site predictor (corresponding to 16 gene promoters) was able to correctly classify 14 out of 16 of the new samples (sensitivity = 0.75, specificity = 0.97 for tumor prediction), and was included in the 124 CpG sites signature of HCC. An unsupervised clustering for the new series of HCC samples using this 20 CpG sites-signature highlights its ability to discriminate both types of samples (

Figure 51

 51 Figure 51 Predictor of HCC A.Representation of the misclassification error as a function of the number of genes, as assessed with the PAM prediction analysis. The upper panel shows the correlation for the grouped samples; the lower panel shows the independent correlation for tumor and surrounding samples. B. A heat map with the 20 CpG sites included in the HCC predictor

  performed a class comparison analysis to classify the methylation profile according to tumor stage (as assigned by the TNM classification) and grade of differentiation (histologically classified as 1 = well differentiated, 2 = intermediate, and 3 = poorly differentiated). Tumor stage will be referred to as T, as all samples except one [T3N1M0]

Figure 52

 52 Figure 52 Methylation profile according to tumor progression. The heat map represents 27 CpG sites distinguishing the different HCC samples according to their TNM classification, with a P value < 0.05.

  HOXB2, DDR2, and TIMP3), while 19 CpG sites were hypermethylated (including CDK2, EF3, FANCF, LIF, RASGRF1, DNMT1, and ERCC1) (Figure53).

Figure 53

 53 Figure 53 Methylation profile according to tumor grade The heatmap represent the 22 CpG sites distinguishing the different tumor according to their grade (1, 2 or 3).

Figure 54

 54 Figure 54 Methylation profile according to risk factor exposures The heat map represents 17 CpG sites distinguishing the different HCC samples according to their ethological exposure, with a P value < 0.01. HBV or HCV infection, EtOH = ethanol consumption and Unknown = unknown risk factor

  Survival signatures were developed with BRB-ArrayTools using the fitted Cox proportional hazards model, considering the time of biopsy as the starting point. At the time of analysis there were 13 deaths among 38 patients with available data, with a mean follow-up time of 194 weeks for all patients. With these data it was possible to classify the patients into two groups with significantly different survival curves (Figure55, P < 0.001).

Figure 55

 55 Figure 55 Survival analysis using BRB-ArrayTools. A survival signature was developed using the fitted Cox proportional-hazards model and leave-one-out crossvalidation, considering the time of biopsy as the starting point. Survival curves show a significant difference between two groups of HCC patients.

Figure 57

 57 Figure 57 Chromosomal distribution of promoters included in the HCC signature. Significant enrichment in chromosomes 11, 15, and 19 is highlighted.

Figure 58

 58 Figure 58 Control of GABRA5 expression through promoter methylation.The color lines represent the three probes targeting GABRA5 promoter in the bead array. GABRA5 expression levels in tumors are represented by grey histograms while levels in surrounding samples are in white.

Figure 59

 59 Figure 59 Expression of genes located in the 15q 11-13 region.Expression levels in tumors are represented by grey histograms while levels in surrounding samples are in white. Non imprinted genes are indicated (ni).

  -7) that in turn may induce DNA methylation changes via DNMTs (Figure 61-8) or proteins involved in active demethylation (Figure 61-9). The DNA methylation changes triggered by inflammatory pathways may mask the specific DNA methylation changes associated with risk factor exposures. Thus, further mechanistic studies on these independent processes may help to discriminate between the epigenetic deregulations triggered by inflammatory signals from those risk factor-dependent.

Figure 61

 61 Figure 61 Hypothetical mechanisms inducing DNA methylation changes in hepatocytes
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Table 1 Induction of Progenitor-Dependent Liver Regeneration (Duncan, Dorrell et al. 2009)

 1 

	Chemical/manipulation	Reference
	Mouse	
	Dipin	(Factor, Radaeva et al. 1994)
	DDC	(Preisegger, Factor et al. 1999)
	Phenobarbital & cocaine & PH	(Rosenberg, Ilic et al. 2000)
	Choline-deficient diet & DL-ethionine	(Knight, Yeoh et al. 2000)
	High-fat diet & ethanol	(Jung, Brown et al. 2008)
	Rat	
	AAF	(Teebor and Becker 1971)
	Diethylnitrosamine	(Schwarze, Pettersen et al. 1984)
	Solt-Farber model: diethylnitrosamine & AAF & PH	(Solt, Medline et al. 1977)
	Modified Solt-Farber model: AAF& PH	(Evarts, Nakatsukasa et al. 1990)
	Choline-deficient diet & DL-ethionine	(Shinozuka, Lombardi et al. 1978)
	D-galactosamine & PH	(Lemire, Shiojiri et al. 1991)
	Lasiocarpine & PH	

Table 2 Clinical test patterns in liver disorders (Fauci 2008) Type of Disorder Bilirubin Aminotransferases Alkaline Phosphatase Albumin Prothrombin Time Hemolysis/Gilbert's syndrome

 2 

		Normal				
		no	Normal	Normal	Normal	Normal
		bilirubinuria				
	Acute					Usually normal.
	hepatocellular necrosis (viral and drug hepatitis, hepatotoxins, acute	Both fractions may be elevated Bilirubinuria	Elevated, often >500 IU ALT >AST	Normal to <3 times normal elevation	Normal	If >5X above control and not corrected by vitamin K =
	heart failure)					poor prognosis
		Both fractions				Often
	Chronic hepatocellular disorders	may be elevated Bilirubinuria	Elevated, but usually <300 IU	Normal to <3 times normal elevation	Often decreased	prolonged Fails to correct with parenteral
						vitamin K
	Alcoholic hepatitis/ Cirrhosis	Both fractions may be elevated Bilirubinuria	AST:ALT > 2 suggests alcoholic hepatitis or cirrhosis	Normal to <3 times normal elevation	Often decreased	Often prolonged Fails to correct with parenteral vitamin K
	Intra-and extra-hepatic cholestasis (Obstructive jaundice)	Both fractions may be elevated Bilirubinuria	Normal to moderate elevation	Elevated, often >4 times normal elevation	Normal, unless chronic	Normal If prolonged, will correct with parenteral vitamin K
	Infiltrative diseases (tumor, granulomata); obstruction partial bile duct	Usually normal	Normal to slight elevation	Elevated, often elevation >4 times normal	Normal	Normal

Table 3 The Hepatitis Viruses (Fauci 2008)

 3 

	Virus	Hepatitis A	Hepatitis B	Hepatitis C	Hepatitis D	Hepatitis E
		Hepatovirus,				
	Viral family	related to	Hepadnavirus	Flaviridae	Deltaviridae	Calicivirus
		picomavirus				
	Viral genome	7.5 kb -ssRNA	3.2 kb -partially dsDNA	9.4 kb -ssRNA	1.7 kb -circular particle defective ssRNA subviral	7.6 kb -ssRNA
				Parenteral,		
	Route of transmission	Fecal -oral food or water) (contaminated	Parenteral, perinatal sexual, contact,	intranasal is a risk cocaine use	Parenteral	Fecal -oral
				factor		
	Mean					
	incubation	2-4 weeks	1-4 months	7-8 weeks	1-4 months	4-5 weeks
	period					
	Frequency of chronic liver disease	Never	10%	80%	5% (coinfection)	Never
	Diagnosis	Detection of serum IgM antibodies	Detection of HBsAg or antibody to HBcAg	PCR for HCV RNA, 3rd generation Elisa for antibody detection	Detection of IgM and IgG antibodies, HDV RNA serum, HDAg in liver	PCR of HEV RNA, detection of serum IgM and IgG antibodies

Table 4 TNM classification of hepatocellular carcinoma

 4 

	Classification Definition
	T1	Solitary tumor < 2cm in the widest diameter without vascular invasion
		Solitary tumor < 2cm in the widest diameter with vascular invasion, or
	T2	multiple tumors limited to one lobe, none of them > 2cm in the widest diameter, without vascular invasion, or solitary tumor > 2 cm in the
		widest diameter without vascular invasion.
		Solitary tumor < 2cm in the widest diameter with vascular invasion, or
	T3	multiple tumors limited to one lobe, none of them > 2cm in the widest diameter, with vascular invasion, or solitary tumor > 2 cm in the
		widest diameter with or without vascular invasion.
		Multiple tumors in more than one lobe or tumors invading a large
	T4	portal branch or one or more suprahepatic veins. Solitary tumors > 2
		cm in the widest diameter with vascular invasion
	Stage of TNM classification
	I	T1/N0/M0
	II	T2/N0/M0
	III A	T3/N0/M0
	III B	T1/N1/M0
		T2/N1/M0
		T3/N1/M0
	IV A	T4/any N/M0
	IV B	any T/any N/ M1

Table 5 Major genetic mutations in HCC (Zucman-Rossi 2010) Major oncogenes activated by mutation in HCC tumors

 5 

	Genes	Protein	Mutated in HCC (%)	References
				(de La Coste, Romagnolo et al. 1998; Miyoshi, Iwao
	CTNNB1	Catenin (cadherin-associated protein), β1 (β-catenin)	5-50%	et al. 1998; Huang, Fujii et al. 1999; Legoix, Bluteau et al. 1999; Terris, Pineau et al. 1999; Wong, Fan et al. 2001; Taniguchi, Roberts et al. 2002; Boyault,
				Rickman et al. 2007; Cieply, Zeng et al. 2009)
				(Takada and Koike 1989; Tsuda, Hirohashi et al.
	HRAS/KRAS/NRAS Ras proto-oncogenes	<3-5%	1989; Challen, Guo et al. 1992; Leon and Kew 1995; Weihrauch, Benicke et al. 2001; Boyault, Rickman et
				al. 2007)
	IL6ST	Interleukin 6 signal transducer (gp 130)	<3%	(Rebouissou, Amessou et al. 2009)
	PIK3CA	Phosphoinositide-3-kinase, catalytic, alpha polypeptide	<3%	(Lee, Soung et al. 2005; Tanaka, Kanai et al. 2006; Boyault, Rickman et al. 2007)
	MET	Met proto-oncogene (HGF receptor)	<1-5%	(Park, Dong et al. 1999)
	CSF-1R	Colony stimulating factor 1 receptor (c-fms)	2 mutations	(Yang, Huang et al. 2004)

Table 6 Table summarizing the different studies on DNA methylation analysis in HCC until 2008.

 6 

	References	Genes studied	risk factors analysed	method used to assess methylation	HCC tumors included
	(Zhong, Yeo et al. 2003)	RASSF1A	HBV	bisulfite sequencing	43 HCC
	(Zhong, Tang et al. 2002)	GSTP1	HBV	MSP	43 HCC
	(Shim, Yoon et al. 2003)	p16INK4a	HBV	MSP	18 HCC
	(Narimatsu, Tamori et al. 2004)	p16INK4a	HCV /HBV	MSP	95 HCC
		COX2, MINT1, CACNA1G, RASSF2, MINT2, DCC, HIC-1,			
	(Nishida, Nagasaka et al. 2008)	CASP8, GSTP1, SOCS1, RASSF1A, p16INK4a, APC, CDH1,	HCV /HBV	COBRA	77 HCC
		RUNX3, RIZ1, SFRP2, MINT31			
	(Yang, Guo et al. 2003)	SOCS-1, GSTP, APC, E-cadherin, RARβ, p14ARF,p15INK4b, p16INK4a, p73	HCV	MSP	51 HCC
	(Kaneto, Sasaki et al. 2001)	p16 INK4	HBV HCV	MSP	22 HCC
	(Su, Lee et al. 2007)	p14ARF, p16INK4a, MGMT, GSTP1, E-cadherin	HBV	MSP	58 HCC
	(Zhu, Li et al. 2007)	p16INK4a	HBV	MSP	33 HCC
		CDH1, APAF1, hMLH1, BRCA1, hTERC, VHL, RARβ, TIMP3,			
	(Yu, Ni et al. 2002)	DAPK1, SURVIVIN, p14ARF, RB1, p15INK4b, APC, RASSF1c	*	MSP	29 HCC
		and PTEN, p16INK4a , RASSF1A, CASP8, CDH13			
	(Song, Kim et al. 2006)	KLF6	*	MSP	85 HCC
	(Yu, Zhang et al. 2003)	ABO, AR, CSPG2, cyclin a1, DBCCR1, GALR2, IRF7, MGMT, MT1A, MYOD1, OCT6, p57KIP2, p73, WT1	*	MSP	28 HCC
	(Schagdarsurengin, Wilkens et al. 2003)	RASSF1A, p16INK4a, TIMP3, PTEN, CDH1, RARβ2	*	MSP	15 HCC
	(Nomoto, Kinoshita et al. 2007)	p16INK4a, DAP-Kinase, MGMT, GSTP1, APC, RIZ1, SFRP1, SFRP2, SFRP5, RUNX3, and SOCS1	*	MSP	19 HCC
	(Katoh, Shibata et al. 2006)	the p16, COX2, GSTP1, RASSF1A, E-cadherin, APC, MINT 1, MINT 25, MINT 31	*	MSP	60 HCC
	(Lee, Lee et al. 2003)	APC , GSTP1, RASSF1A , p16INK4 , COX-2 , E-cadherin.	*	MSP	60 HCC
	(Park, Cho et al. 2005)	RUNX3	*	MSP	90 HCC
	(Ding, Gong et al. 2004)	drug resistance genes ATF2, B2M,DCK,OCLN, RAF1, RALBP1, SPF45, SKP2, TP53, TOP2B , CFTR, GSTP1	*	MSP	30 HCC
	(Miyoshi, Fujie et al. 2004)	SOCS-1	*	MSP	22 HCC
	(Zhang, Guo et al. 2008)	p21 , p15INK4b, P16INK4, P53 , RB , P27 , WTI , E2F-1, P300	*	MSP	120 HCC
	(Zhao, Geng et al. 2005)	RASSF1A,HIC1, p73	*	MSP	4 HCC
	(Wang, Qin et al. 2005)	GSTP1	*	MSP	26 HCC

  HpaII and SmaI, are inactive on methylated CpG sites, but a unique methylationsensitive restriction enzyme, McrBC, is inactive on unmethylated CpG sites. Differential cleavage can be detected by Southern-blot hybridization or PCR amplification.

	DNA methylation can be analyzed based on several principles that differentially
	recognize 5mC from C (Ushijima 2005; Esteller 2008). Regional DNA methylation
	analysis is applied not only for basic research but also for diagnostic purposes. Selecting
	an appropriate technique and conducting experiments under good conditions are
	required to obtain reliable data.
	The first principle depends upon methylation sensitive restriction enzymes whose

activity is affected by the presence of a methyl group on a cytosine at a CpG site(s) within restriction sites. The vast majority of methylation-sensitive restriction enzymes, such as

Table 7 Patient and tumor information
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		Normal Cirrhotic HCC non HCC	Total
	Sex					
	Female	17	12	26	18	
	Male	23	59	112	6	200
	NC	0	4	0	4	8
	Age					
	<40	10	8	11	13	
	[40-60[	11	31	62	10	114
	≥60	19	31	64	1	115
	NC	0	5	1	4	
	Infection					
	HBV-HCV-	34	30	71	0	135
	HBV+	5	25	32	0	
	HCV+	1	16	30	0	
	HBV+HCV+	0	4	5	0	9
	Alcohol					
	Yes	39	45	93	ND	177
	No	1	30	45	ND	
	Geographical origin					
	France	40	52	119	11	222
	Thaïland	0	23	19	17	

Table 8 Clinicopathological features of HCC patients from France used in Bead Array study Variable No. of cases
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	No. of patients	30*
	Male	24
	Female	6
		59 ±
	Age, mean ± SD	12.3
	Etiology	
	HBV	9
	HCV	5
	Alcohol use	8
	No risk factor	8
	Tumor differentiation	
	Well	15
	Moderately	11
	Poorly	4
	Tumor size	
	< 5 cm	14
	> 5 cm	16
	TNM Stage	
	TI	14
	TII	6
	TIII	10
	No. of nodules	
	Unilocular	14
	Multilocular	16
	Cirrhosis	
	Yes	16
	No	14

* Only patients with paired samples (tumor and surrounding tissue) are described here.

Table 9 Features of the HCC cell lines used
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	Name	HBV status	Classification	p53 status	Products	Tumorigenic
					hepatitis virus B surface	
	Hep3B	HBV	HCC	p53 null	antigen (HBsAg), major	yes
					plasma proteins	
	PLC/PRF/5	HBV	HCC	p53 mutant	hepatitis virus B surface antigen (HBsAg)	yes
	HepG2	neg	HCC	wt p53	major plasma proteins	no
	Huh7	neg	HCC	p53 mutant	major plasma proteins	yes
	All cell lines were cultured in Dulbecco's Minimum Essential Medium (DMEM) (PAA
	Laboratories) supplemented with L-glutamine, sodium pyruvate penicillin/streptomycin
	and 10% fetal calf serum (Gibco).			

Table 10 DNA methylation levels in HCC tumors stratified by clinicopathological characteristics and risk factor exposure (adjusted for each other)
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			RASSF1A	GSTP1	P14ARF	Dok1	CHRNA3	MGMT	GNMT	LINE-1
			mean(p)	mean(p)	mean(p)	mean(p)	mean(p)	mean(p)	mean(p)	mean(p)
		Sex								
		Women	32.9 (-)	29.5 (-)	1.9 (-)	37.8 (-)	20.6 (-)	17.8 (-)	13.4 (-)	66.5 (-)
			51.8	27.6	2.7	48.0	26.4	10.7	9.7	60.3
		Men	(p=0.013)	(p=0.709)	(p=0.540)	(p=0.210)	(p=0.367)	(p=0.011)	(p=0.04)	(p=0.041)
		Age								
		<40	44.9 (-)	30.0 (-)	6.8 (-)	48.1 (-)	17.1 (-)	11.9 (-)	12.0 (-)	72.1 (-)
			41.6	31.7	0.6	38.4	27.2	18.3	12.0	60.7
		[40-60[	(p=0.900)	(p=0.946)	(p=0.007)	(p=0.557)	(p=0.555)	(p=0.193)	(p=0.999)	(p=0.028)
			40.6	24.0	0.6	42.3	26.1	12.7	10.7	57.3
		≥60	(p=0.839)	(p=0.588)	(p=0.001)	(p=0.788)	(p=0.617)	(p=0.956)	(p=0.778)	(p=0.004)
		Risk factors								
		viral infection								
		no virus	42.0 (-)	19.4 (-)	1.6 (-)	47.4 (-)	20.3 (-)	12.7 (-)	11.9 (-)	62.5 (-)
			50.8	33.2	3.9	57.3	27.6	13.3	11.8	59.8
		HBV	(p=0.496)	(p=0.025)	(p=0.279)	(p=0.490)	(p=0.498)	(p=0.996)	(p=1,000)	(p=0.758)
			48.2	27.5	1.5	30.7	29.1	18.4	8.9	63.8
	RESULTS	HCV HBV/HCV+ Alcohol intake no ethylism	(p=0.840) 32.0 (p=0.820) 44.1 (-)	(p=0.382) 36.4 (p=0.186) 29.9 (-)	(p=1,000) 0.5 (0.964) 1.4 (-)	(p=0.153) 36.6 (p=0.845) 40.7 (-)	(p=0.421) 15.9 (p=0.971) 21.5 (-)	(p=0.224) 11.6 (p=0.994) 11.3 (-)	(p=0.380) 13.6 (p=0.952) 13.8 (-)	(p=0.976) 63.7 (p=0.996) 65.4 (-)
			28.5	23.9	1.4	31.7	22.4	17.1	16.9	70.6
		ethylism	(p=0.053)	(p=0.369)	(p=1,000)	(p=0.406)	(p=0.984)	(p=0.048)	(p=0.127)	(p=0.121)
		Stage								
		T1	43.0 (-)	28.6 (-)	3.0 (-)	41.6 (-)	25.5 (-)	19.9 (-)	13.5 (-)	64.6 (-)
			43.4	26.3	2.9	43.4	21.8	10.2	11.5	62.3
		T2	(p=0.998)	(p=0.880)	(p=0.999)	(p=0.966)	(p=0.777)	(p=0.002)	(p=0.452)	(p=0.660)
			40.8	30.8	1.1	43.7	23.2	12.8	9.7	63.2
		T3	(p=0.932)	(p=0.879)	(p=0.297)	(p=0.954)	(p=0.902)	(p=0.024)	(p=0.075)	(p=0.839)
		Geographical location							
		Thailand	31.10 (-)	24.84 (-)	4.09 (-)	30.72 (-)	13.94 (-)	17.62 (-)	8.72 (-)	65.52 (-)
			21.95	23.44	0.66	18.06	14.95	13.76	14.81	69.30
		France	(p=0.056)	(p=0.754)	(p=0.002)	(p=0.036)	(p=0.806)	(p=0.144)	(p=0.002)	(p=0.069)
		*All values were adjusted for sex, age at diagnosis, alcohol intake and viral infection			

Table 11 Frequency of hyper/hypomethylation in hepatocellular carcinomas according to age group Percentage of hyper/hypomethylated tumor
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		samples				
		[40-60[		≤ 60		Cut-off	
	Genes	Hypo	Hyper	Hypo	Hyper	Hypo*	Hyper**
	RASSF1A	12%	6%	18%	0%	19.0%	86.4%
	GSTP1	15%	3%	27%	0%	10.1%	70.9%
	p14 ARF	0%	0%	0%	0%	0.0%	28.2%
	GNMT	11%	9%	5.7%	11%	2.0%	20.5%
	DOK1	38%	19%	30%	27%	27.8%	79.5%
	CHRNA3	20%	36%	30%	43%	8.0%	30.6%
	MGMT	12%	38%	20%	29%	3.7%	14.4%
	LINE-1	11%	8.6%	30%	8.6%	48.9%	73.5%
	* Samples with methylation levels below the quantile representing the lower 5% of
	methylation in <40yrs-age group				
	** Samples with methylation levels above the quantile representing the upper 95% of
	methylation in <40yrs-age group				

Table 12 DNA methylation level stratified according to viral status (HCV RNA status for HCV infection and HBsAg status for HBV infection) Genes
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	Viral								
	status	RASSF1A	GSTP1	p14 ARF	GNMT	DOK1	CHRNA3	MGMT	LINE-1
	HCV RNA								
	status								
	negative	51.71(-)	25.95(-)	4.349(-)	8.633(-)	56.32 (-)	27.24(-)	10.2(-)	56.76(-)
		57.61	28.57	1.527	6.394	30.22	33.99	23.02	60.57
	positive	(p=0.418)	(p=0.503)	(p=0.698)	(p=0.373)	(p=0.07)	(p=0.536)	(p=0.012)	(p=0.417)
	HBsAg								
	status								
	negative	50.18(-)	25.56(-)	1.498(-)	7.972(-)	43.06(-)	25.11(-)	8.083(-)	55.73(-)
		55.29	34.16	6.525	9.19	62.05		12.02	57.58
	positive	(p=0.511)	(p=0.436	(p=0.292)	(p=0.653)	(p=0.074)	28.1 (p=1)	(p=0.193)	(p=0.818)

Table 13 DNA methylation levels in cirrhosis stratified by clinicopathological characteristics and risk factor exposure (adjusted for each other)
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	Genes

Table 14 Frequency of DNA hypermethylation and hypomethylation in hepatocellular carcinomas and their association with risk factors Percentage of hypermethylated tumor samples*
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	HCCs

47 Signature and predictor of HCC by methylation profiling.

  

	Differential methylation analysis was
	performed with the class comparison
	tool of BRBArrayTools software, as
	described in Materials and Methods. The
	heat map represents those CpG sites
	distinguishing HCC from surrounding
	tissue (n=87) with a P value < 0.001.
	Yellow indicates hypomethylated, and
	red hypermethylated CpG sites.

  Table showing the CpG sites frequently methylated in more than 75% of the tumors relative to surrounding tissues. C.

  Table showing the CpG sites frequently unmethylated in more than 75% of the tumors relative to surrounding tissues.

Table 15 . CpG sites differentially methylated in HCC according to risk factor exposure

 15 Significant CpG sites after paired class comparison analysis are shown (P < 0.01) in order of significance. Geometric mean (log2 scale) representing the level of methylation in each category is shown (HBV or HCV infection, EtOH = ethanol consumption and Unknown = unknown risk factor).

				HCC Risk Factor			
	Probe	Symbol	HBV	HCV	EtOH Unknown	P-value		Description
	2425	DCC	1.03	1.25	1.05		1.03	0.0004 Deleted in colorectal carcinoma
	2003	SLC5A8	1.05	1.18	1.07		1.02	0.0010	Solute carrier family 5 (iodide transporter), member 8
	1826	RASGRF1	1.03	1.10	1.03		1.02	0.0019	Ras protein-specific guanine nucleotide-releasing factor 1
	4177	NAT2	1.36	1.47	1.14		1.17	0.0021	N-acetyltransferase 2 (arylamine N-acetyltransferase)
	5179	RYK	1.04	1.10	1.15		1.03	0.0026	RYK receptor-like tyrosine kinase
	634	DIO3	1.51	1.17	1.30		1.35	0.0036	Deiodinase, iodothyronine, type III
	1109	TNFSF10	1.04	1.13	1.03		1.03	0.0056	Tumor necrosis factor (ligand) superfamily, member 10
										Tumor necrosis factor receptor
	2144	TNFRSF10C	1.82	1.55	1.84		1.88	0.0068	superfamily, member 10c, decoy
										without an intracellular domain
	2409	CSPG2	1.12	1.35	1.05		1.11	0.0072	Chondroitin sulfate proteoglycan 2; versican
	285	CHGA	1.08	1.13	1.16		1.04	0.0075	Chromogranin A (parathyroid secretory protein 1)
	5243	STAT5A	1.42	1.69	1.71		1.78	0.0084	Signal transducer and activator of transcription 5A
	1543	MLH3	1.01	1.01	1.04		1.03	0.0096 MutL homolog 3 (E. coli)
	4957	NTRK3	1.09	1.28	1.20		1.02	0.0097	Neurotrophic tyrosine kinase, receptor, type 3
	The heterogeneity of HCC origin is also reflected in the conservation of the normal
	architecture of the liver. In this sense, our series of HCC surrounding tissues can be
	classified into those samples exhibiting cirrhotic (n=16) or non-cirrhotic (n=14)
	histology. Comparison between these two classes using stringent conditions of analysis
	(P value < 0.001) shows that cirrhotic tissues are significantly hypermethylated in 2
	gene	promoters,	corresponding	to	UGT1A7	(encoding	for	a	UDP-

  Teschendorff et al. demonstrated that ovarian cancer correlates with a change in the DNA methylation pattern of peripheral blood cells[START_REF] Teschendorff | An epigenetic signature in peripheral blood predicts active ovarian cancer[END_REF]). Another study investigating colorectal cancer demonstrated that tumorspecific methylation of APC, MGMT, RASSF2A and WIF1 could be detected in the plasma of patients with the disease(Lee, Lee et al. 2009). Patients with cancer are known to have higher levels of free circulating DNA in plasma[START_REF] Taback | Quantification of circulating DNA in the plasma and serum of cancer patients[END_REF]). In addition, tumor-derived cell-free circulating DNA isolated from the plasma and serum of individuals with cancer has been shown to contain cancer-associated alterations

[START_REF] Sanchez-Cespedes | Detection of chromosome 3p alterations in serum DNA of non-small-cell lung cancer patients[END_REF][START_REF] Esteller | Detection of aberrant promoter hypermethylation of tumor suppressor genes in serum DNA from non-small cell lung cancer patients[END_REF] 

including DNA methylation changes

Table 18 Recent genome-wide studies in HCC References risk factors analyzed Platform for methylation assessment No of samples analyzed No of CpG sites/islands analysed
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	Single
	base
	resoluti
	on

  islands. Additional content includes 96% of all CpG islands as well as CpG shores, CpG

	across several tissue types, CpG islands outside of coding regions, miRNA promoter
	regions, and disease-associated regions.			
	Even more recently, innovation went further with the development of genome-scale
	DNA methylation analysis using deep sequencing. High-throughput, next-generation
	deep sequencing technologies have revolutionized research in the genome/epigenome
	sequencing era. Various applications of next-generation sequencing make it an attractive
	platform for addressing a wide variety of biological questions. Almost every DNA
	methylation	analysis	method	(restriction	endonuclease-based	analysis,
	immunoprecipitation, bisulfite sequencing) has been adapted to generate libraries for
	high-throughput deep sequencing analysis of DNA methylation (Gupta, Nagarajan et al.
	2010). A few studies have already reported DNA methylation profiling in cancer,
	including prostate endometrial tumors			
	DISCUSSION					

sites outside of islands, non-CpG methylated sites identified in human stem cells, differentially methylated sites from tumor vs. normal (multiple forms of cancers) and

Table 1

 1 List of genes, primers and sequencesDaskalos et al 2008[START_REF] Vaissiere | Quantitative analysis of DNA methylation profiles in lung cancer identifies aberrant DNA methylation of specific genes and its association with gender and cancer risk factors[END_REF] Supplementary TableS2. CpG sites differentially methylated in HCC tumor vs. surrounding tissue Significant CpG sites after paired class comparison analysis are shown (P < 0.001) in order of significance. Imprinted genes and their corresponding CpG probes are underlined. FDR= false discovery rate. Geometric mean (S/T) represents the level of methylation in surrounding/tumor tissue.Supplementary TableS3. CpG sites differentially methylated in HCC according to risk factor exposure Significant CpG sites after paired class comparison analysis are shown (P < 0.01) in order of significance. Geometric mean representing the level of methylation in each category is shown (HBV or HCV infection, EtOH = ethanol consumption, and Unknown = unknown risk factor).

	Probe ID	p-value	FDR	Geometric mean (S /T )	Symbol	Description
		< 1e-07	< 1e-07	1.251	GABRA5	Gamma-aminobutyric acid (GABA) A receptor, alpha 5
		< 1e-07	< 1e-07	0.845	APC	Adenomatosis polyposis coli
		0.0000	0.0000	1.140	APOC1	Apolipoprotein C-I
		0.0000	0.0000	1.254	MC2R	Melanocortin 2 receptor (adrenocorticotropic hormone)
		0.0000	0.0000	0.724	RASSF1	Ras association (RalGDS/AF-6) domain family 1
		0.0000	0.0000	1.265	GML	GPI anchored molecule like protein
		0.0000	0.0001	1.210	ZIM3	Zinc finger, imprinted 3
		0.0000	0.0001	1.199	GABRA5	Gamma-aminobutyric acid (GABA) A receptor, alpha 5
		0.0000	0.0001	1.194	MKRN3	Makorin, ring finger protein, 3
		0.0000	0.0002	1.163	MKRN3	Makorin, ring finger protein, 3
		0.0000	0.0002	1.109	USP29	Ubiquitin specific peptidase 29
		0.0000	0.0004	1.210	NOTCH4	Notch homolog 4 (Drosophila)
		0.0000	0.0004	1.182	TRPM5	Transient receptor potential cation channel, subfamily M, member 5
		0.0000	0.0004	1.108	MEST	Mesoderm specific transcript homolog (mouse)
		0.0000	0.0004	1.167	GABRA5	Gamma-aminobutyric acid (GABA) A receptor, alpha 5
		0.0000	0.0004	1.136	TRPM5	Transient receptor potential cation channel, subfamily M, member 5
		0.0000	0.0004	1.182	EMR3	Egf-like module containing, mucin-like, hormone receptor-like 3
		0.0000	0.0004	1.201	GABRG3	Gamma-aminobutyric acid (GABA) A receptor, gamma 3
		0.0000	0.0004	1.125	EDNRB	Endothelin receptor type B
		0.0000	0.0004	0.820	APC	Adenomatosis polyposis coli
		0.0000	0.0005	0.805	MYOD1	Myogenic differentiation 1
		0.0000	0.0005	1.141	ZIM3	Zinc finger, imprinted 3
		0.0000	0.0006	1.075	SFTPA1	Surfactant protein A1
		0.0000	0.0007	1.171	EMR3	Egf-like module containing, mucin-like, hormone receptor-like 3
		0.0000	0.0008	0.824	BMP4	Bone morphogenetic protein 4
		0.0000	0.0008	1.178	PSCA	Prostate stem cell antigen
		0.0000	0.0009	0.838	FZD7	Frizzled homolog 7 (Drosophila)
		0.0000	0.0009	1.197	HLA-DQA2	Major histocompatibility complex, class II, DQ alpha 2
		0.0000	0.0009	1.136	CD1A	CD1a molecule
		0.0000	0.0009	1.191	KLK11	Kallikrein-related peptidase 11
		0.0000	0.0009	1.161	EMR3	Egf-like module containing, mucin-like, hormone receptor-like 3
		0.0000	0.0009	1.130	MSH3	MutS homolog 3 (E. coli)
		0.0000	0.0010	1.148	KLK11	Kallikrein-related peptidase 11
		0.0000	0.0011	0.812	CDKN2A	Cyclin-dependent kinase inhibitor 2A (melanoma, p16, inhibits CDK4)
		0.0000	0.0012	0.836	IGF1R	Insulin-like growth factor 1 receptor
		0.0000	0.0012	1.180	CD1A	CD1a molecule
		0.0000	0.0013	1.136	NOS3	Nitric oxide synthase 3 (endothelial cell)
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Most HCC patients have two liver diseases, cirrhosis and HCC, each of which is an independent cause of death. In addition, the complex etiology of HCC affects the possible treatment options offered to patients. One of the main reasons for the high mortality rate in patients with HCC is the lack of effective treatment options, especially for those with advanced disease. Although surgery and percutaneous ablation can achieve long-term control in some patients with early HCC, recurrence rates are high (approximately 50% at 3 years)[START_REF] Mulcahy | Management of hepatocellular cancer[END_REF]. Moreover, because of the asymptomatic nature of early HCC, lack of awareness and poorly defined screening strategies, most patients (approximately 80%) present with advanced or unresectable disease(Thomas and Abbruzzese, 2005).

This pathway (also known as the RAF/MEK/ERK pathway) is a ubiquitous signal transduction pathway that regulates crucial cellular processes, including proliferation, differentiation, angiogenesis and survival[START_REF] Gollob | Role of Raf kinase in cancer: therapeutic potential of targeting the Raf/MEK/ERK signal transduction pathway[END_REF]. Importantly, the overexpression or activation of components of this pathway is believed to contribute to tumorigenesis, tumor progression and disease metastasis in a variety of solid tumors[START_REF] Leicht | Raf kinases: function, regulation and role in human cancer[END_REF]). The ERK/MAPK pathway lies downstream of the various

D. PI3K/AKT/mTOR signaling pathway

Constitutive activation of the PI3K/AKT/mTOR signaling pathway has been firmly established as a major determinant of tumor cell growth and survival in a multitude of solid tumors [START_REF] Chen | Alternative phospholipase D/mTOR survival signal in human breast cancer cells[END_REF]). In the PI3K/AKT/mTOR signaling pathway, binding of growth factors (most notably IGF and EGF) to their receptors activates PI3K [START_REF] Avila | New therapies for hepatocellular carcinoma[END_REF]). PI3K subsequently produces the lipid second messenger PIP3b (phosphoinositoltriphosphate), which in turn activates the serine/threonine kinase AKT. In addition to regulating various transcription factors (for example, FOXO (mammalian forkhead members of the class O) [START_REF] Greer | FOXO transcription factors at the interface between longevity and tumor suppression[END_REF], activated AKT also phosphorylates several cytoplasmic proteins, most notably mTOR and BCL-2associated death (BAD) promoter [START_REF] Avila | New therapies for hepatocellular carcinoma[END_REF]. The activation of mTOR increases cellular proliferation, and inactivation of BAD decreases apoptosis and increases cell survival [START_REF] Roberts | Hepatocellular carcinoma: molecular pathways and new therapeutic targets[END_REF]. In normal tissue, this pathway is negatively regulated by the phosphatase and tumor suppressor phosphatase on chromosome 10 (phosphatase and tensin homolog (PTEN)), which targets the lipid products of PI3K for dephosphorylation [START_REF] Roberts | Hepatocellular carcinoma: molecular pathways and new therapeutic targets[END_REF]. The PI3K/AKT/mTOR signaling pathway can be overactivated by enhanced stimulation of receptor tyrosine kinases, particularly the IGF receptor and EGFR. Expression of both IGF and IGF receptor is upregulated in HCC and human cirrhotic liver [START_REF] Alexia | An evaluation of the role of insulin-like growth factors (IGF) and of type-I IGF receptor signalling in hepatocarcinogenesis and in the resistance of hepatocarcinoma cells against drug-induced apoptosis[END_REF], resulting in stimulation of the PI3K/AKT/mTOR signaling pathway, in addition to activation of the RAF/MEK/ERK and Wnt/β-catenin pathways [START_REF] Desbois-Mouthon | Insulin and IGF-1 stimulate the beta-catenin pathway through two signalling cascades involving GSK-3beta inhibition and Ras activation[END_REF][START_REF] Alexia | An evaluation of the role of insulin-like growth factors (IGF) and of type-I IGF receptor signalling in hepatocarcinogenesis and in the resistance of hepatocarcinoma cells against drug-induced apoptosis[END_REF].

Evidence also suggests that anomalies in PTEN function may lead to overactivation of the PI3K/AKT/mTOR pathway in HCC. In addition, PTEN expression can be downregulated directly by the HBx protein in HBV-infected patients [START_REF] Feitelson | Early molecular and genetic determinants of primary liver malignancy[END_REF]). Importantly, downregulation of PTEN expression has been shown to correlate with increased tumor grade, advanced disease stage and reduced overall survival in patients with HCC [START_REF] Hu | Expression and prognostic role of tumor suppressor gene PTEN/MMAC1/TEP1 in hepatocellular carcinoma[END_REF]. AKT phosphorylation has been implicated in early HCC recurrence and poor prognosis [START_REF] Nakanishi | Akt phosphorylation is a risk factor for early disease recurrence and poor prognosis in hepatocellular carcinoma[END_REF], and a microarray study found that 23% of HCC patients had elevated levels of AKT phosphorylation on Ser473 [START_REF] Boyault | Transcriptome classification of HCC is related to gene alterations and to new therapeutic targets[END_REF]). Villanueva et al. performed an analysis of integrative genomic data derived from a large cohort of human tissue DNMT2 and DNMT3L were not thought to function as cytosine methyltransferases.

However, DNMT2 proteins were recently shown by Goll and colleagues to function as RNA methyltransferases [START_REF] Goll | Methylation of tRNAAsp by the DNA methyltransferase homolog Dnmt2[END_REF]. DNMT3L was shown to stimulate de novo DNA methylation by DNMT3a and to mediate transcriptional repression through interaction with histone deacetylase 1 [START_REF] Chedin | The DNA methyltransferase-like protein DNMT3L stimulates de novo methylation by Dnmt3a[END_REF][START_REF] Deplus | Dnmt3L is a transcriptional repressor that recruits histone deacetylase[END_REF]. Structural analysis indicated that the C-terminal domains of Dnmt3a and Dnmt3L form a tetrameric complex (3L-3a-3a-3L) with two active sites [START_REF] Jia | Structure of Dnmt3a bound to Dnmt3L suggests a model for de novo DNA methylation[END_REF]), which preferentially methylate two CpGs separated by 8-10 bp in vitro [START_REF] Jia | Structure of Dnmt3a bound to Dnmt3L suggests a model for de novo DNA methylation[END_REF]). CpG periodicities within the 8-10-bp range have been observed

in maternally imprinted loci [START_REF] Jia | Structure of Dnmt3a bound to Dnmt3L suggests a model for de novo DNA methylation[END_REF]) and in many other regions of the genome [START_REF] Ferguson-Smith | Epigenetics: perceptive enzymes[END_REF][START_REF] Glass | CG dinucleotide periodicities recognized by the Dnmt3a-Dnmt3L complex are distinctive at retroelements and imprinted domains[END_REF]), but such periodicities do not fully explain why de novo methylation is targeted to specific sequences [START_REF] Glass | CG dinucleotide periodicities recognized by the Dnmt3a-Dnmt3L complex are distinctive at retroelements and imprinted domains[END_REF]. 

VI. Epigenetics during developmental processes

A. Genomic imprinting

Genomic imprinting is defined as an epigenetic mechanism that permits parentalspecific gene expression [START_REF] Pfeifer | Mechanisms of genomic imprinting[END_REF][START_REF] Reik | Genomic imprinting: parental influence on the genome[END_REF]. It depends on an epigenetic marking of parental alleles during gametogenesis and is largely dependent on DNA methylation marks [START_REF] Li | Role for DNA methylation in genomic imprinting[END_REF], which are established during embryological development of germ cells. Expression of only one allele guarantees the proper levels of the proteins encoded by the imprinted genes. This is important for embryonic and placental development, and for metabolism [START_REF] Reik | Epigenetic reprogramming in mammalian development[END_REF].

Inadequately regulated expression results in developmental abnormalities, exemplified by hereditary overgrowth syndromes, as in the Beckwith-Wiedemann or the Prader-Willy syndrome. Because DNMT1 has an affinity for hemimethylated DNA, the maintenance of a differentially methylated pattern is likely to be based on a specific mechanism. Imprinting therefore is interesting because it demonstrates how epigenetic events affect normal Mendelian events. The effects of imprinting, beyond causing asymmetric expression, are found throughout clusters [START_REF] Edwards | Mechanisms regulating imprinted genes in clusters[END_REF]. This suggests that imprinted genes within a cluster are subject to the same regulatory elements. Indeed, imprinted genes are regulated through differentially methylated control regions called "imprinting control regions" (ICR) that affect gene expression in cis [START_REF] Edwards | Mechanisms regulating imprinted genes in clusters[END_REF]. The partial silencing of these imprinted genes is not based only on DNA methylation pattern. Long non-coding RNA that lead to gene silencing have been described for several loci [START_REF] Thakur | An antisense RNA regulates the bidirectional silencing property of the Kcnq1 imprinting control region[END_REF][START_REF] Royo | Small non-coding RNAs and genomic imprinting[END_REF][START_REF] Royo | Non-coding RNAs in imprinted gene clusters[END_REF]. For instance, the Kcnq1 imprinting control region (ICR), located in intron 10 of the Kcnq1 gene, is unmethylated on the paternal chromosome and methylated on the maternal chromosome. The unmethylated Kcnq1 ICR allows expression of an antisense RNA, Kcnq1ot1, which overlaps the Kcnq1 coding region; this leads to its bidirectional silencing [START_REF] Thakur | An antisense RNA regulates the bidirectional silencing property of the Kcnq1 imprinting control region[END_REF]). Both alleles often do not exhibit the same histone modification pattern [START_REF] Koerner | The function of non-coding RNAs in genomic imprinting[END_REF]. Acetylated histone H3 and H4 and methylated lysine 4 of H3 (H3-K4Me) are associated with transcriptionally active alleles, whereas 2007). Similarly, The methylation level of satellite 2 (SAT2) in pericentromeric satellite regions has been shown to decrease along with the progression of chronic hepatitis and HCC [START_REF] Wong | Hypomethylation of chromosome 1 heterochromatin DNA correlates with q-arm copy gain in human hepatocellular carcinoma[END_REF][START_REF] Lee | Prognostic implications of and relationship between CpG island hypermethylation and repetitive DNA hypomethylation in hepatocellular carcinoma[END_REF] suggesting that methylation of repetitive elements may be a good prognostic marker.

It was also reported that the expression of DNMT1, DNMT3A, and DNMT3B and DNMT2 is increased in HCC tumors [START_REF] Lin | Genome-wide hypomethylation in hepatocellular carcinogenesis[END_REF]). The high level of DNMT-1 has been significantly correlated with the malignant potential and poor prognosis of HCC [START_REF] Saito | Increased protein expression of DNA methyltransferase (DNMT) 1 is significantly correlated with the malignant potential and poor prognosis of human hepatocellular carcinomas[END_REF].

Many studies reported DNA methylation changes in specific genes and most of them are summarized in the table below (Table 6). RASSF1A, GSTP1, p16 INK4 or APC were among the most common genes reported as frequently hypermethylated in HCC when compared with non cancerous samples. However, other genes like TIMP3, Cox2 or MGMT have frequently been analysed in HCC samples. Some studies show controversial results

for MGMT [START_REF] Yu | Methylation profiling of twenty four genes and the concordant methylation behaviours of nineteen genes that may contribute to hepatocellular carcinogenesis[END_REF][START_REF] Nomoto | Hypermethylation of multiple genes as clonal markers in multicentric hepatocellular carcinoma[END_REF] or APC, for instance [START_REF] Yu | Methylation profiling of twenty promoter-CpG islands of genes which may contribute to hepatocellular carcinogenesis[END_REF][START_REF] Lee | Aberrant CpG island hypermethylation along multistep hepatocarcinogenesis[END_REF]. Most of those studies were based on MSP (methylation specific PCR) and limited to a small number of genes and/or samples. The lack of sensitivity of MSP (as will be explained below) combined with a small panel of samples analysed may explain the discrepancy observed between the studies.

Different mechanisms by which risk factors exposure may deregulate DNA methylation profile have been proposed. In the case of HBV infection, studies suggest that HBx protein is a crucial player inducing epigenetic alterations in HBV-related HCC (Zhu, Zhu et al. 2010;Zhu, Zhu et al. 2010;[START_REF] Arzumanyan | Epigenetic repression of E-cadherin expression by hepatitis B virus x antigen in liver cancer[END_REF]. Indeed, although the role of HBx remains obscure and controversial, it has been reported that it is involved in several cellular processes [START_REF] Feitelson | Genetic mechanisms of hepatocarcinogenesis[END_REF][START_REF] Park | Chronic hepatitis B in hepatocarcinogenesis[END_REF][START_REF] Tang | Molecular functions and biological roles of hepatitis B virus x protein[END_REF]. HBx protein may be able to induce both global hypomethylation and local hypermethylation depending on targeted DNMTs. This notion is consistent with the global methylation pattern that characterizes cancer cells.

VIII. Why studying DNA methylation in cancer is important ?

A.

DNA methylation as a potential driver event of carcinogenesis

There are numerous examples of aberrant DNA methylation in cancer tissues, compared with their corresponding normal-appearing tissues already reported. These methylation changes may result for diverse reasons. Some of them are reflections of morphological changes in tumors tissues while others reflect the adaptation of cells in tumor tissues to their surrounding niche. These changes are the consequences of, or in association with, carcinogenesis and are thus called "passenger" alterations. However it has been also

proposed that epigenetic events play a direct causal role in tumor development suggesting that they can be a "driver" of tumorigenesis [START_REF] Sawan | Epigenetic drivers and genetic passengers on the road to cancer[END_REF]).

This is exemplified by studies showing epigenetic deregulation of tumor-suppressor genes (such as RB1 and VHL) in familial cases of specific cancer types [START_REF] Stirzaker | Extensive DNA methylation spanning the Rb promoter in retinoblastoma tumors[END_REF][START_REF] Herman | Incidence and functional consequences of hMLH1 promoter hypermethylation in colorectal carcinoma[END_REF], and epigenetic inactivation of the mismatch repair gene hMLH1 in sporadic cases of colorectal cancer [START_REF] Herman | Incidence and functional consequences of hMLH1 promoter hypermethylation in colorectal carcinoma[END_REF].

Because it is prone to spontaneous hydrolytic deamination under physiological conditions, 5mC is considered as a potent endogenous mutagen. Interestingly, although 5-mC represents only 1% of the bases in the mammalian genome, it is estimated that it may be at the origin of as much as one third of all transition mutations (mostly C to T)

found in human diseases and cancers [START_REF] Jones | Methylation, mutation and cancer[END_REF]. It is believed that transition mutations result primarily from the spontaneous hydrolytic deamination of cytosines and 5-mC, resulting in thymine. Thus, C to T transition will be fixed after DNA replication resulting in a T.G mismatch due to a mis-incorporation of guanine opposite of a thymine if mispairing is not repaired [START_REF] Duncan | Mutagenic deamination of cytosine residues in DNA[END_REF][START_REF] Sved | The expected equilibrium of the CpG dinucleotide in vertebrate genomes under a mutation model[END_REF]).

Coulondre et al, identified the 5mC as hot spots for C to T transition mutations in Escherichia coli [START_REF] Coulondre | Molecular basis of base substitution hotspots in Escherichia coli[END_REF]. It has been shown that the rate of deamination is 2 to 3 times higher in 5mC compared to C due to intrinsic chemical

INTRODUCTION Context of the study and working hypothesis

Liver cancer is one of the most frequent human cancers and a major cause of cancerrelated death worldwide [START_REF] Parkin | Cancer burden in the year 2000. The global picture[END_REF]. Hepatocellular carcinoma (HCC), which originates from the hepatocytes, is by far the most common liver cancer with rates and etiology that show considerable geographic variation [START_REF] Hamilton | Pathology and Genetics of Tumours of the Digestive System -Pathology and Pathogenesis of Hepatocellular Carcinoma[END_REF][START_REF] Parkin | Cancer burden in the year 2000. The global picture[END_REF]. Epidemiological data indicate that the major risk factors for developing HCC are infection by hepatitis B virus (HBV) and hepatitis C virus (HCV), and chronic alcoholism, although other risk factors such as tobacco smoking and aflatoxin exposure are also believed to be important risk factors [START_REF] Montesano | Hepatocellular carcinoma: from gene to public health[END_REF][START_REF] Parkin | Cancer burden in the year 2000. The global picture[END_REF]. Both viral and non-viral etiologic factors are strong inducers of chronic liver injury often leading to liver cirrhosis, the most common etiology of liver cancer. HCC is generally diagnosed at an advanced stage of tumor progression, and more than 80% of the cases prove fatal [START_REF] Feitelson | Parallel epigenetic and genetic changes in the pathogenesis of hepatitis virus-associated hepatocellular carcinoma[END_REF]), underscoring the need for better understanding of the molecular mechanisms underlying hepatocarcinogenesis and identification of critical gene targets that could be exploited for early detection and therapeutic intervention.

While genetic alterations are known to contribute to the development and progression of HCC, the molecular mechanisms underlying this process remain unclear. This has led to research into alternative mechanisms by which major risk factor exposures promote hepatocarcinogenesis. Because epigenetic mechanisms are believed to be important in protection against viral genomes and in response to environmental factors [START_REF] Bird | DNA methylation patterns and epigenetic memory[END_REF][START_REF] Jaenisch | Epigenetic regulation of gene expression: how the genome integrates intrinsic and environmental signals[END_REF][START_REF] Herceg | Epigenetics and cancer: towards an evaluation of the impact of environmental and dietary factors[END_REF], aberrant epigenetic changes associated with viral infection and exposure to environmental factors may trigger events that promote the neoplastic transformation of hepatocytes. Aberrant DNA methylation is an epigenetic mechanism of gene silencing in a wide range of human cancers, including liver cancer [START_REF] Jones | The fundamental role of epigenetic events in cancer[END_REF][START_REF] Herceg | Epigenetics and cancer: towards an evaluation of the impact of environmental and dietary factors[END_REF]). This epigenetic silencing, either alone or in combination with genetic changes, may lead to the inactivation of tumor suppressor genes and other cancer-associated genes promoting hepatocarcinogenesis. Several recent studies have identified aberrant CpG methylation of many genes in HCC [START_REF] Kondo | Genetic instability and aberrant DNA methylation in chronic hepatitis and cirrhosis--A comprehensive study of loss of heterozygosity and microsatellite instability at 39 loci and DNA hypermethylation on 8 CpG islands in microdissected specimens from patients with hepatocellular carcinoma[END_REF][START_REF] Roncalli | Methylation framework of cell cycle gene inhibitors in cirrhosis and associated hepatocellular carcinoma[END_REF][START_REF] Shen | DNA methylation and environmental exposures in human hepatocellular carcinoma[END_REF][START_REF] Edamoto | Alterations of RB1, p53 and Wnt pathways in hepatocellular carcinomas associated with hepatitis C, hepatitis B and alcoholic liver cirrhosis[END_REF][START_REF] Lee | Aberrant CpG island hypermethylation along multistep hepatocarcinogenesis[END_REF][START_REF] Zhang | Aflatoxin B1 and polycyclic aromatic hydrocarbon adducts, p53 mutations and p16 methylation in liver tissue and plasma of hepatocellular carcinoma patients[END_REF][START_REF] Su | Differential DNA methylation associated with hepatitis B virus infection in hepatocellular carcinoma[END_REF][START_REF] Gao | Variable DNA methylation patterns associated with progression of disease in hepatocellular carcinomas[END_REF][START_REF] Nishida | Aberrant methylation of multiple tumor suppressor genes in aging liver, chronic hepatitis, and hepatocellular carcinoma[END_REF]