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ABSTRACT

Distinct subpopulations of neoplastic cells within tumors, including hepatocellular carcinoma (HCC), display a pronounced ability to initiate new tumors and induce metastasis. Investigations on these cells rapidly described them as essential for tumor growth and based on these observations they have been named "cancer stem cells" (CSCs).

Unfortunately, the mechanisms involved in sustaining their programs are only partially known. In HCC, there is an established link between microenvironmental signals from Transforming Growth Factor beta (TGF-ß) and survival of certain cell subpopulations which results in a bad prognosis. However, how TGF-ß establishes and modifies cell behavior in HCC is not fully understood. As DNA methylation is involved in establishing cellular programs, our aim was to characterize the methylome of putative liver CSCs, and its link to the ability of TGF-ß to induce liver CSCs. We used CD133 expression as a positive marker for liver CSCs. To understand the relevance of DNA methylation programs in liver CSCs, we first defined the methylome signature of CD133+ cells in liver cancer cells using methylation bead arrays. Differentially methylated CpG sites were enriched in known pathways related to CSC survival and to inflammation, including the TGF-ß/SMAD pathway. Next, we showed that TGF-ß persistently induces CD133+ cells in opposition to another cytokine related to HCC, interleukin 6. We observed that this increase is associated with genome-wide changes in the methylome induced by TGF-ß and that are perpetuated through cell divisions00. We observed a significant overlap between the CD133+ methylome and the methylome induced by TGF-β, indicating that TGF-ß may induce CSC phenotype through DNA methylation reprogramming. Additionally, we observed genome-wide effects of TGF-ß that are independent of the induction of CD133. Finally, TGF-ß methyl-sensitive sites were significantly concentrated in enhancer regions of the genome, and include well-known targets of TGF-ß, and epigenetic players, such as de novo DNA methyl-transferases. In conclusion our results are the first indication of the ability of TGF-ß to induce genome-wide changes of DNA methylation, leading to a stable switch to a liver cancer stem cell epigenetic program.

RESUME

Au sein des tumeurs, y compris pour le carcinome hépatocellulaire (CHC), des souspopulations de cellules néoplasiques ont révélé une grande capacité à initier de nouvelles tumeurs et à induire des métastases. Les premières études sur ces cellules ont rapidement montré que la présence de ces cellules était déterminante dans le développement tumoral et elles ont donc été renommées « cellules souches cancéreuses » (CSCs). Malheureusement les mécanismes impliqués dans la maintenance de ces CSCs ne sont que partiellement compris.

Par ailleurs dans le CHC un lien a été établi entre les signaux du facteur de croissance de transformation (Transforming Growth Factor, TGF-ß) provenant du microenvironnement tumoral et certaines populations de cellules cancéreuses dont la présence est corrélée à un faible pronostic. La façon dont TGF-ß peut ainsi établir et modifier un phénotype cellulaire dans le CHC reste néanmoins obscure. La méthylation de l'ADN étant un acteur majeur dans la mise en place des programmes cellulaires, notre but a été de caractériser le méthylome de CSCs hépatiques et son lien avec la capacité de TGF-ß à induire des CSCs. Nous nous sommes appuyés sur l'expression du marqueur CD133 pour définir la population de CSCs hépatiques. Afin comprendre l'importance des marques de méthylation de l'ADN dans les CSCs hépatiques, nous avons dans un premier temps déterminé quelle était la signature des cellules CD133+ au niveau de la méthylation de l'ADN en utilisant des puces de méthylation à grande échelle. Les sites CpG différentiellement méthylés ont montré un enrichissement pour d'une part des voies de signalisation déjà identifiées dans les CSCs et, d'autre part, pour des voies de signalisation associées au processus inflammatoire dont la voie TGFß/SMAD. Par la suite, nous avons montré que TGF-ß pouvait induire de façon permanente les cellules CD133+ contrairement à une autre cytokine influente dans le cancer du foie, l'interleukine 6. Cette augmentation de cellules CD133+ induite par TGF-ß est associée à des changements de méthylation de l'ADN sur l'ensemble du génome et qui sont, de plus, maintenus au cours des divisions cellulaires. La comparaison entre les deux méthylomes (liés aux cellules CD133+ et à l'action de TGF-ß) a exposé une signature commune significative indiquant que TGF-ß pourrait promouvoir le phénotype de CSC via le processus de méthylation de l'ADN. Mais nous avons également déterminé qu'une grande partie des effets sur la méthylation induits par TGF-ß était totalement indépendante de l'induction de cellules CD133+. Enfin, nous avons observé que les sites de méthylation sensibles au signal de TGF-ß étaient regroupés de façon significative au niveau de régions « enhancer » qui régulent la transcription des gènes. Par ailleurs, ces sites incluaient également des gènes précédemment identifiés comme cibles de TGF-ß mais aussi des gènes codant pour des acteurs épigénétiques de premier ordre comme les méthyltransférases de l'ADN. Ces résultats constituent la première description d'une signature de méthylation de l'ADN induite par TGF-ß permettant une reprogrammation stable vers un profil épigénétique de CSC hépatiques.
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I. The Liver: organisation, function and regeneration

Residing between the digestive tract and the rest of the body, the liver takes up different functions, including the metabolism of amino acids, carbohydrates, lipids, hormones and vitamins; serum protein' s synthesis; and detoxification of endogenous products and xenobiotics. Thus, it is not surprising that the liver is sensible to a variety of metabolic, toxic, microbial, and circulatory insults that can give rise to different pathologies, including cancer.

To improve the comprehension of the context in which inflammation and tumor development may occur in liver, this first chapter will described the general structure of the liver, its function and one of it's unique features: its ability to regenerate after injury.

A.

Anatomy and physiology of the liver.

1.

Anatomical divisions and lobulation of the liver . Using a functional description, the liver is divided into 8 independent sub segments, so called "Couinaud segments" (Figure 1). As most biochemical exchanges of the liver with body fluids are based on its vascular network, this functional segmentation is based upon the distribution of portal venous branches and the location of the hepatic veins in the parenchyma [START_REF] Standring | Gray's Anatomy: The Anatomical Basis of Clinical Practice[END_REF].

The ramification of the vessel system leads into the subdivision of the lobes in lobules, the small functional units of the liver. There is a well-defined hexagonal architecture, with the hepatic vein in the middle, and at the periphery the portal triad, that includes the bile duct, the hepatic artery and the portal vein (Figure 2). Therefore the blood circulation is centripetal from the periphery to the centre of the lobule, while the bile circulation is centrifuge from the centre to the periphery of the hexagon. 

Physiology of the liver

The localisation of the liver in the circulatory system allows it to receive the portal blood that drains the stomach, small intestine, large intestine, pancreas, and spleen and its principal function is to filter and detoxify this blood. Its main functions are carbohydrate metabolism (glycogen storage), and lipid (e.g. production and storage of cholesterol and triglycerides)

and protein management (e.g. production of plasma proteins) [START_REF] Boron | Medical Physiology[END_REF].

Depending on the metabolic requirements of the body, these products will be stored in the liver, secreted into the blood circulation or excreted into the bile. In addition, due to its large vacularisation and its high number of phagocytes (Kupffer cells), the liver also participates to filtering mechanism for the circulation by extracting foreign particulate matter, including bacteria, endotoxins, parasites, and aging red blood cells.

B.

The hepatic cell types Five major cell types are essential to hepatic functions: hepatocytes, Kupffer cells, hepatic stellate cells, sinusoidal endothelium, and pit cells (Figure 3).

Hepatocytes represent 80% of the liver parenchymal volume and are the main cellular actors involved in the metabolic functions of the liver [START_REF] Boron | Medical Physiology[END_REF]. Due to their numerous and various functions and hepatocytes are the principal target in liver's injury. Hepatocytes form an epithelium that constitutes a functional barrier between two fluid compartments: in one hand the bile, in the other hand the blood.(Figure 3B). [START_REF] Adams | Aberrant homing of mucosal T cells and extra-intestinal manifestations of inflammatory bowel disease[END_REF].

The liver sinusoidal endothelial cells (LSEC) are the cells that compose the sinusoidal blood vessel endothelium. LSECs have a specialized, highly permeable pore system that allows access of circulating molecules to the hepatocytes. These cells also scavenge soluble compounds and can phagocytose small particles.

The Kupffer cells are macrophages localized within the sinusoidal vascular space.

They are the first population of cells to be in contact with gut-derived molecules and soluble bacterial products and possess a high capacity for endocytosis and phagocytosis. They may regulate the inflammatory response by acting on numerous cellular and tissular components:

T-cell activation, cytotoxicity, stimulation of fibrogenesis, alteration of endothelial cell function and modulation of hepatocyte survival and proliferation (Kmiec, 2001;[START_REF] Sokol | Liver cell injury and fibrosis[END_REF].

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] and are localized in the liver sinusoids. They possess a high cytotoxic activity and could act as a primary defence barrier to transformed cells and to virus infections [START_REF] Bouwens | Pit cells in the liver[END_REF].

Finally the hepatic stellate cells exist in the space of Disse and store vitamin A. Upon activation, they become the major source of hepatic extracellular matrix. They can differentiate into myofibroblasts and this process is a critical event in liver fibrosis [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 remodelling the extracellular matrix and deposition of type-1 collagen, which can lead to cirrhosis.

All the cells that comprised the liver tissue have specific functions but also work in tight cooperation to allow the liver to respond to the body needs. Due to it's anatomical position and physiological function the liver is nevertheless subject to diverse injuries that can results hepatocytes loss and impairs its function. In such a situation the liver has the peculiar capacity to regenerate and repopulate the parenchymal tissue.

C.

A unique feature of the liver: the regeneration 1.

General description

As mentioned above, the liver is the only internal human organ capable of regulating its growth and mass. Indeed, after a partial hepatectomy of 70% of the liver, the remaining tissue is able to regenerate, or more precisely, to be repopulated, into a whole liver [START_REF] Duncan | Stem cells and liver regeneration[END_REF][START_REF] Michalopoulos | Liver regeneration[END_REF]. Liver mass deficit can occur after surgical removal (tumor removal or transplantation from living donor) or after cell loss (functional deficit without mass deficit) caused by toxic or viral agents. When normally the rate of hepatocytes renewal is relatively low (once a year), a rapid regenerative response after loss of two-thirds or more of the liver mass can be observed (Alison et al., 2009). Furthermore in order to not exceed metabolic demands and to maintain an optimal liver mass/ body mass ratio, the liver is also capable of loss of mass by hepatocyte apoptosis. This phenomenon, while less described, can still be observed for drug-induced hyperplasia [START_REF] Schulte-Hermann | Active cell death (apoptosis) in liver biology and disease[END_REF] or "large for small" transplant situation (when a large liver is transplant into a small receiver) [START_REF] Kam | Evidence that host size determines liver size: studies in dogs receiving orthotopic liver transplants[END_REF].

2.

Role of cytokines and growth factors in liver regeneration:

In case of liver mass or liver function deficit, hepatocytes are the first cells of the liver to enter into the cell cycle and undergo proliferation [START_REF] Fausto | Liver regeneration[END_REF][START_REF] Taub | Liver regeneration: from myth to mechanism[END_REF]. Genes implicated in this process are activated in sequential order with early genes mainly involved in the transition from quiescence to cell cycle and later genes involved in the progression to the cell cycle, DNA replication and mitosis processes. This multistep process is supported by cytokines and growth factors (Figure 4). The transition from G0 (quiescence) to G1 phase is called "priming"and is mainly triggered by IL-6 and TNF-α signals [START_REF] Kirillova | Tumor necrosis factor induces DNA replication in hepatic cells through nuclear factor kappaB activation. Cell Growth Differ[END_REF].

The second phase will be supported by HGF [START_REF] Pediaditakis | The processing and utilization of hepatocyte growth factor/scatter factor following partial hepatectomy in the rat[END_REF], TGF-α and EGF signals. Much less is known about how liver regeneration is terminated once the appropriate liver mass is restored, but it would imply that cytokines such as TGF-β will inhibit hepatocyte proliferation [START_REF] Karkampouna | TGF signaling in liver regeneration[END_REF] and cascade signaling negative feedbacks that will turn off the IL-6 pathway [START_REF] Elliott | SOCS3 in liver regeneration and hepatocarcinoma[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. For example partial hepatectomy is commonly associated with administration of drugs that impair hepatocyte proliferation, triggering the activation of hepatic progenitor cells (HPC) [START_REF] Alison | Liver stem cells: a two compartment system[END_REF].

Hepatic progenitor cells and liver regeneration

In adult human tissues, HPCs have been localized in the smallest terminal branches of the biliary tree also called "Canals of Hering" [START_REF] Alison | Liver stem cells: implications for hepatocarcinogenesis[END_REF]. HPCs are thus in continuity with hepatocytes at one side and bile duct cells at the other side (Figure 5).

When hepatocytes or cholangiocytes replication are altered, inhibited or slowed down, the HPC population is activated (Roskams et al., 2003a). Then HPCs proliferate and differentiate into hepatocytes and biliary cells. This activation, named "ductular reaction" [START_REF] Popper | Ductular cell reaction in the liver in hepatic injury[END_REF] in humans and "oval cell reaction" in rodents, is observed during liver injuries such as prolonged necrosis, cirrhosis, and chronic inflammatory liver diseases. Moreover, the proportion of HPCs undergoing activation positively correlates with the severity of liver disease [START_REF] Libbrecht | Deep intralobular extension of human hepatic "progenitor cells" correlates with parenchymal inflammation in chronic viral hepatitis: can "progenitor cells" migrate?[END_REF][START_REF] Lowes | Oval cell numbers in human chronic liver diseases are directly related to disease severity[END_REF]. The activation of HPCs and their differentiation relies not only on the inability of hepatocytes to proliferate, it also depends on microenvironmental factors. Indeed the two models of regeneration are not mutually exclusive, and they have already been observed in some injury models [START_REF] Rosenberg | Proliferation of hepatic lineage cells of normal C57BL and interleukin-6 knockout mice after cocaine-induced periportal injury[END_REF][START_REF] Wang | The origin and liver repopulating capacity of murine oval cells[END_REF]. Many cytokines and growth factors have been investigated for oval cells activation (even if some controversies persist between the different models). TNF, TWEAK, IL-6, HGF and EGF are the main actors involved in oval cells proliferation and expansion [START_REF] Brooling | Differential regulation of rodent hepatocyte and oval cell proliferation by interferon gamma[END_REF]Knight et al., 2000;Yeoh et al., 2007), while LTα, LTβ, IFNα and TGF-β [START_REF] Akhurst | Differential lymphotoxinbeta and interferon gamma signaling during mouse liver regeneration induced by chronic and acute injury[END_REF]Knight and Yeoh, 2005;Nguyen et al., 2007;Preisegger et al., 1999) are responsible for their proliferation arrest. Liver regeneration, sustained by hepatocyte proliferation and/or HPC activation, is usually accompanied by an inflammatory episode. In humans, HPCs have been observed in samples from patients with liver cancer or chronic diseases [START_REF] Libbrecht | Hepatic progenitor cells in human liver diseases[END_REF]. Moreover these two phenomena are sustained by cytokine actions. Cytokines are small molecules, used for cell signaling, that regulate host responses to infection, immune responses and inflammation.

Therefore, after injuries caused by divers external or internal agents, several types of inflammatory diseases can affect the liver. We will see that during these inflammatory diseases, the entire hepatic structure can be affected and that the microenvironment is highly modified by cytokines.

II. Inflammatory liver diseases

Inflammation is a beneficial host response to foreign agressions and necrotic tissue, but it is itself susceptible to generate tissue damages. Inflammation can be classified as either acute or chronic. Acute inflammation constitutes the primary response of the body to injuries and is carry out by the migration of immune cells from the blood into the damaged tissues.

Inflammation becomes "chronic" when prolonged and accompanied by a shift in the type of cells present at the site of inflammation. Chronic inflammation is as a process that encompasses simultaneous destruction and healing of the tissue. Several liver conditions can trigger chronic inflammation and they will be described in the next sections.

A.

Hepatitis

Hepatitis is defined by the inflammation of the liver and characterized by the presence of inflammatory cells in the organ tissue. The main risk factors associated with hepatitis are viral infection by hepatitis viruses A (HAV), B (HBV), C (HCV), D (HDV), and E (HEV) [START_REF] Thomas | New challenges in viral hepatitis[END_REF], alcohol intake [START_REF] Mandrekar | Signalling pathways in alcohol-induced liver inflammation[END_REF] and fatty liver disease [START_REF] Kopec | Nonalcoholic fatty liver disease: a review of the spectrum of disease, diagnosis, and therapy[END_REF].

Viral hepatitis

Viral hepatitis is an inflammatory reaction of the liver caused by hepatotropicviruses (HAV, HBV, HCV, HDV and HEV). The pathophysiology of viral hepatitis covers a broad spectrum from asymptomatic infection to fulminant liver failure. Even if in most cases the infection resolves itself, viral hepatitis infection is one of the primary causes for liver transplantation in the US and other countries [START_REF] Herzer | Hepatitis viruses: live and let die[END_REF]. In fact, 4% of HBV infected patients and 85% of HCV infected patients will develop chronic hepatitis [START_REF] Kumar | Robbins Basic Pathology[END_REF].

In particular for HBV and HCV 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 can lead to the resolution of acute infection [START_REF] Neumann-Haefelin | T cell response in hepatitis C virus infection[END_REF][START_REF] Thimme | CD8(+) T cells mediate viral clearance and disease pathogenesis during acute hepatitis B virus infection[END_REF]. However in HCV infected patients this response often appears not to be sufficient for eradicating the infection. During viral hepatitis, fibrogenesis is also enhanced and may contribute to the development of cirrhosis [START_REF] Ciurtin | Hepatitis virus C infection, adipokines and hepatic steato-fibrosis[END_REF][START_REF] Soussan | The expression of hepatitis B spliced protein (HBSP) encoded by a spliced hepatitis B virus RNA is associated with viral replication and liver fibrosis[END_REF]. Most of the mortality attributed to viral hepatitis is the consequences of long-term chronic hepatitis, and its evolution into cirrhosis and/or hepatocellular carcinoma (HCC).

Alcoholic hepatitis

Chronic alcohol consumption has a variety of adverse effects. However the major forms of alcoholic diseases are: (1) hepatic steatosis (fatty liver), ( 2) alcoholic hepatitis, and

cirrhosis, referred together as alcoholic liver disease (ALD). Ninety to 100% of heavy drinkers develop fatty liver (steatosis), and of those, 10% to 35% develop alcoholic hepatitis [START_REF] Kumar | Robbins Basic Pathology[END_REF]. Steatosis and alcoholic hepatitis may arise separately, and therefore do not necessarily represent a continuum of changes (Figure 6).

Alcoholic hepatitis is thought to be a precursor to the development of cirrhosis and up to 50% of patients with biopsy-proven alcoholic hepatitis will present cirrhotic-related histological disorders 

Non-alcoholic hepatosteatosis (NASH)

Free fatty acids (FFAs) from blood circulation can be absorbed by the liver [START_REF] El-Zayadi | Hepatic steatosis: a benign disease or a silent killer[END_REF].

Any imbalance between the delivery of fat to the liver and its subsequent metabolism and/or secretion will lead to the development of non-alcoholic fatty liver disease (NAFLD).

This liver injury associated with an abnormal accumulation of fat encompasses different forms of diseases from bland fatty infiltration to cirrhosis. Non-alcoholic steatohepatitis (NASH) is an intermediate liver injury state between these two extremes. Biopsies in patients suffering from NASH reveal hepatocyte injuries, apoptosis and infiltration by inflammatory cells [START_REF] Choi | Role of inflammation in nonalcoholic steatohepatitis[END_REF].

As mentioned before, hepatitis may stimulate hepatic cell activation and fibrosis. The progression of fibrosis has been observed in 35% of patients exhibiting NASH. The rate for cirrhosis development over 10 years is between 5 and 20% and the estimated rate for liverrelated mortality in patients suffering from NASH reaches 12% (El-Zayadi, 2008).

Auto-immune hepatitis

Auto-immune hepatitis (AIH) is an auto-immune liver disorder characterized by an abnormal response of the immune system against a tissue normally present in the body. AIH occurs worldwide, with a reported range of prevalence from 1.9 cases per 100,000 in Norway to 1 per 200,000 in the US general population (Mieli- [START_REF] Mieli-Vergani | Autoimmune hepatitis[END_REF].

Due to its functions, the liver is continuously exposed to rich-antigen blood and is highly enriched in phagocytic cells, lymphocytes and antigen-presenting cells (APCs), like LSECs, HSCs, hepatocytes and dendritic cells (DCs). When self-tolerance is lost liver auto-immunity ensues. Two general conditions usually prevail for liver auto-immunity: self-reactive B-and T-lymphocytes must exist in the immunological repertoire and auto-antigens must be presented by APCs [START_REF] Vergani | Aetiopathogenesis of autoimmune hepatitis[END_REF].

The exact aetiology of autoimmune hepatitis is not known. Epidemiological studies indicate that it is most probably a bi-modal disease with genetic susceptibilities (involving one or more genes acting alone or in concert) in combination with environmental factors (Mieli- [START_REF] Mieli-Vergani | Autoimmune hepatitis[END_REF].

Chronic liver hepatitis pathologies can exist for extended periods, but are not an end-stage disease. Mechanisms involved in liver regeneration, necrotic hepatocytes clearance and matrix remodelling are constantly solicited and will lead to the deregulation of liver architecture and functions. This stage, when the original organisation of the liver is destructed is referred to as cirrhosis of the liver.

B.

Cirrhosis

Cirrhosis is a long-term consequence of chronic liver disease and can be defined histologically as "a diffuse process characterised by fibrosis and a conversion of normal architecture into structurally abnormal nodules". This loss of liver architecture is usually associated with a loss of hepatic functions. The main risk factors for cirrhosis are alcoholism, hepatitis B and C, and fatty liver disease, but many other causes are possible and are not mutually exclusive (Table 1).

More precisely the key morphological features of cirrhosis include: diffuse fibrosis, nodules of regenerative parenchyma cells, altered lobular architecture and establishment of intrahepatic shunts between afferent and efferent liver vessels. Subsequent secondary characteristics are: capillarization of the sinusoids (loss of fenestrae by LSEC), vascular thrombosis, obliterative lesions in portal tracts and hepatic veins, and under-perfusion of the parenchyma leading to hepatic tissue hypoxia [START_REF] Pinzani | Liver cirrhosis[END_REF].

Table 1. Etiology of hepatic cirrhosis (adapted from Heidelbaugh and Bruderly 2006)

Etiology of hepatic cirrhosis

Most common causes

Alcohol (60 to 70%)

Biliary obstruction (5 to 10%)

Primary or secondary biliary cirrhosis

Chronic hepatitis B or C (10 %)

Hemochromatosis (5 to 10%) NAFLD (10%)

Less common causes

Autoimmune chronic hepatitis

Drugs and toxins

Genetic metabolic disease

Infection

Vascular abnormalities

Veno-occlusives disease

Fibrosis is the main mechanism involved in the histological destruction of the liver. In fact, for a long time, cirrhosis was described as the final stage of fibrosis. Fibrosis is excessive production of connective tissue. It is the consequence of a chronic wound healing reaction occurring in response to chronic damage. Figure 7 describes the main changes in hepatic architecture under fibrosis.

The cirrhosis biology (constant stimulus of parenchyma regeneration in an inflammatory microenvironment) will strongly predispose patients for hepatocellular carcinoma (HCC)

development. Indeed external stimuli can induce alterations in mature hepatocytes that under proliferative pressure will create a monoclonal population harbouring dysplastic and further neoplastic hepatocytes [START_REF] Pinzani | Liver cirrhosis[END_REF]. Following liver injury, lymphocytes infiltrate the hepatic parenchyma. Some hepatocytes undergo apoptosis, and Kupffer cells are activated to release fibrogenic mediators such as transforming growth factor-β (TGF-β) and tumor necrosis factor-α (TNF-α). In response to these cytokines, hepatic stellate cells (HSC) transdifferentiate into myofibroblast-like cells and come to secrete large amounts of extracellular material (ECM) proteins. Affected hepatocytes also participate in liver fibrogenesis by stimulating the deposition of ECM proteins. As liver fibrosis progresses, sinusoidal endothelial cells lose their fenestrations, with tonic contraction of HSC increasing resistance to blood flow in hepatic sinusoids [START_REF] Matsuzaki | Smad phosphoisoform signaling specificity: the right place at the right time[END_REF].

C. Cytokines, growth factors and signaling pathways involved in inflammatory liver diseases 1.

General description of cytokines activated in liver diseases

As mentioned earlier, all inflammatory actions during chronic liver disease proliferation are mediated through autocrine/paracrine signals involving cytokines. One of the important actions of cytokines is maintaining the balance between proliferation, apoptosis and differentiation (during embryogenesis and organogenesis in particular) and any perturbations to this balance can bring out serious disorders. In chronic liver diseases the balance between protective and damaging signals is fragile, and hepatic failure might arise from excessive apoptosis. Among the various and numerous cytokines involved in liver inflammation, those of most interest to researchers are: TNF-α, IL-6, IL-1α, IL-1β, TGF-β and IL-10 (Martin and Herceg, 2012). TNF-α is one of the first cytokines released by Kupffer cells, LSECs, HSCs or hepatocytes in all types of liver hepatitis. Its level is elevated in both serum and hepatic tissue in patients with alcoholic liver disease [START_REF] Hill | Antioxidants attenuate nuclear factor-kappa B activation and tumor necrosis factor-alpha production in alcoholic hepatitis patient monocytes and rat Kupffer cells, in vitro[END_REF], with chronic HBV [START_REF] Falasca | Cytokine patterns correlate with liver damage in patients with chronic hepatitis B and C[END_REF], or with steatohepatitis [START_REF] Fainboim | Cytokines and chronic liver disease[END_REF]. TNF-α can have both a pro-apoptotic function through the activation of caspases or a survival function through the activation of the nuclear factor kappa B (NF-κB) pathway (Tacke et al., 2009).

As for the other mentioned cytokine, large-scale studies investigating patient's serum observed that IL-1β, IL-6, TNF-α, TGF-β, IL-10 were higher in cirrhosis or chronic hepatitis compared to healthy case (Budhu and Wang, 2006). Moreover comparison between the different forms of liver inflammation revealed a positive correlation between cytokine expression and the disease proression (from hepatitis to cirrhosis) (Kitaoka et al., 2003;[START_REF] Song | Serum cytokine profiles associated with clinical presentation in Vietnamese infected with hepatitis B virus[END_REF]. These observations suggest that the deregulation of cytokine expression could participate in the evolution of liver disease.

Among the panel of cytokines released in the hepatic environment, two of them fill crucial functions and are always involved in all hepatitis cases, cirrhosis, and fibrosis. On one hand IL-6 is one of the main pro-inflammatory cytokines largely contributing to compensatory hepatocyte proliferation during liver damage (Gao, 2005). On the other hand TGF-β is an anti-inflammatory cytokine, involved in arrest of hepatocyte proliferation. However, its fundamental role in sustaining fibrogenesis by activating HSCs makes it a determinant mediator of liver disease progression [START_REF] Dooley | TGF-in progression of liver disease[END_REF]. TGF-β is involved in all stages of liver diseases (from inflammation to hepatocellular carcinoma) but as it will be described later it can generate multiple biological processes that are sometimes paradoxical.

Although much effort has been put into elucidating this signal, TGF-β effects are only partially understood. As my work focuses to a large extent on this cytokine, detailed paragraphs will be dedicated to it in this section and the following ones.

2.

The IL-6-JAK/STAT signaling pathway.

IL-6 belongs to a family including 6 members: IL-6, leukaemia inhibitory factor (LIF), ciliary neutrophic factor (CNTF), oncostatin M (OSM), cardiotrophin-1 and IL-11. The receptors for this family can be composed of a homodimer of the gp130 protein or a heterodimer composed of gp130 with another cytokine specific receptor [START_REF] Heinrich | Interleukin-6-type cytokine signalling through the gp130/Jak/STAT pathway[END_REF](Heinrich et al., , 2003)).

Primary human hepatocytes express IL-6R, gp130, CNTFR, LIFR, OSMR, IL-11R and cardiotrophine-1R (Gao, 2005). The binding of IL-6 to its receptor will activate the phosphorylation of a Janus Kinase (mostly JAK2) that in turn will phosphorylate STAT3 on the Y705 position. Activated STAT3 forms homodimers and is translocated into the nucleus where it enhances the transcription of several genes belonging mainly to cell survival pathways and implicated in the G1-S phase transition. Besides STAT3, JAK can phosphorylate and activate the protein tyrosine phosphatase SHP2 that will link the cytokine receptor to the mitogen-activated-protein-kinase (MAPK) pathway (fundamental for IL-6 mitogenic function)(Figure 8). After activation of the IL-6 receptor through the interaction with its ligand, the canonical JAK/STAT pathway is activated. Alternative IL-6 activated pathways include the MAPK pathway. IL-6 signaling includes different regulation systems including a negative feedback triggered by SOCS proteins. [START_REF] Taub | Liver regeneration: from myth to mechanism[END_REF].

IL-6/JAK/STAT is largely involved in immune regulation, haematopoiesis, inflammation and oncogenesis by regulating cell growth, proliferation and cell survival. In liver injury context, IL-6 is one of the main pro-inflammatory cytokines secreted, among others, by Kupffer cells. IL-6 is mainly involved in acute phase proteins production, liver regeneration (through proliferative effect) and hepatoprotective function [START_REF] Masubuchi | Role of interleukin-6 in hepatic heat shock protein expression and protection against acetaminophen-induced liver disease[END_REF][START_REF] Ramadori | Cytokines in the liver[END_REF][START_REF] Zimmers | Resolving the role of IL-6 in liver regeneration[END_REF].

Its protective role has been illustrated in mice studies were IL-6 deficient mice are more sensitive to liver damages [START_REF] Kovalovich | Increased toxin-induced liver injury and fibrosis in interleukin-6-deficient mice[END_REF]. Il-6 also contributes to fibrogenesis modulation via indirect inhibition of ECM proteases [START_REF] Shigekawa | Involvement of STAT3-regulated hepatic soluble factors in attenuation of stellate cell activity and liver fibrogenesis in mice[END_REF]. However, increasing liver disease severity, from acute hepatitis, to chronic hepatitis, to cirrhosis to HCC has been observed in parallel to increasing IL-6 level (García-Galiano et al., 2007;[START_REF] Kao | Rather than interleukin-27, interleukin-6 expresses positive correlation with liver severity in naïve hepatitis B infection patients[END_REF][START_REF] Streetz | Interleukin 6/gp130-dependent pathways are protective during chronic liver diseases[END_REF]Zekri et al., 2005). Moreover in HCC, IL-6 is expressed at high levels, and STAT3 is often observed to be activated [START_REF] He | Hepatocyte IKKbeta/NF-kappaB inhibits tumor promotion and progression by preventing oxidative stress-driven STAT3 activation[END_REF]. IL-6 also seems to participate in carcinogenesis, probably through its proliferative effect that supports the expansion of transformed cells. The shift between hepatoprotective and pro-tumorigenic functions were illustrated in a study where an overexpression of IL-6 and IL-6R led to the development of regenerative hyperplasia and adenoma in the liver [START_REF] Maione | Coexpression of IL-6 and soluble IL-6R causes nodular regenerative hyperplasia and adenomas of the liver[END_REF].

3.

The TGF-β/SMAD signaling pathway.

The TGF-β superfamily ligand includes: bone morphogenetic proteins (BMPs), Growth and differentiation factors (GDFs), Anti-müllerian hormones (AMH), Activin, Nodal and TGF-β families. The TGF-β family comprises TGF-β1, TGF-β2 and TGF-β3 [START_REF] Horbelt | A portrait of Transforming Growth Factor superfamily signalling: Background matters[END_REF][START_REF] Miyazawa | Two major Smad pathways in TGFbeta superfamily signalling[END_REF]. Signaling begins with the binding of a TGF-β superfamily ligand to a TGF-β type II receptor. The type II receptor is a serine/threonine receptor kinase, which catalyses the phosphorylation of the type I receptor. Each class of ligand binds to a specific type II receptor. In mammals there are seven known type I receptors and five type II receptors (Table 2).

TGF-β ligands are initially released in the extracellular milieu in an inactive form, bound to latency associated peptide (LAP) and latent TGF-β binding protein (LTBP), which form a complex masking TGF-β epitopes preventing any signal activation [START_REF] Marek | TGF-beta (transforming growth factor-beta) in chronic inflammatory conditions -a new diagnostic and prognostic marker?[END_REF].

Activation of latent TGF-β requires enzymatic proteolysis of this inactive complex. After interaction with a type II receptor and following dimerization with type I receptor, GDFs, AMH) will perpetuate signals through the SMAD1/SMAD5/SMAD9 pathway [START_REF] Horbelt | A portrait of Transforming Growth Factor superfamily signalling: Background matters[END_REF][START_REF] Miyazawa | Two major Smad pathways in TGFbeta superfamily signalling[END_REF]. Besides the canonical Smad-mediated TGF-β signaling pathway, it has been shown that TGF-β superfamily ligands can also regulate cellular or physiological processes through non-canonical pathways by activating other signaling molecules [e.g. Akt, MAPK, mTOR (mammalian target of rapamycin), and Src] (Zhang, 2009) independent of SMAD proteins, which amplifies the complexity of TGF-β signaling (Figure 9). TGF-β is mainly known as a cytokine involved in differentiation and anti-inflammatory processes mediated through mechanisms like cell cycle arrest and further apoptosis. During chronic liver disease TGF-β is largely secreted by Kupffer cells and LSECs [START_REF] De Bleser | Transforming growth factor-beta gene expression in normal and fibrotic rat liver[END_REF]. Hepatic stellate cells are the first targets for TGF-β, which will promote their transformation into myofibroblasts, the synthesis of collagen and the production of ECM proteins [START_REF] Dooley | TGF-in progression of liver disease[END_REF]. TGF-β is thus a major actor in the development of fibrosis. In patients suffering from chronic hepatitis, a positive correlation was observed between the amount of collagen precursor and TGF-β1 expression [START_REF] Castilla | Transforming growth factors beta 1 and alpha in chronic liver disease. Effects of interferon alfa therapy[END_REF][START_REF] Dooley | Hepatocyte-specific Smad7 expression attenuates TGF-beta-mediated fibrogenesis and protects against liver damage[END_REF]. Plasma level of TGF-β also presents a correlation between the cytokine secretion and the extent of liver fibrosis [START_REF] Tsushima | Reduced plasma transforming growth factor-beta1 levels in patients with chronic hepatitis C after interferon-alpha therapy: association with regression of hepatic fibrosis[END_REF][START_REF] Xiao | Osteopontin contributes to TGF-1 mediated hepatic stellate cell activation[END_REF].

internalisation
While TGF-β is thus sustaining growth and differentiation in HSCs (mesenchymal cells) its action totally differs in hepatocytes (epithelial cells). In hepatocytes, TGF-β's action will counteract pro-inflammatory proliferative effect by promoting cell cycle arrest and further apoptosis [START_REF] Moustakas | Regulation of the human p21/WAF1/Cip1 promoter in hepatic cells by functional interactions between Sp1 and Smad family members[END_REF][START_REF] Sheahan | Deficiency of G1 regulators P53, P21Cip1 and/or pRb decreases hepatocyte sensitivity to TGFbeta cell cycle arrest[END_REF][START_REF] Yoo | Transforming growth factor-beta-induced apoptosis is mediated by Smaddependent expression of GADD45b through p38 activation[END_REF]. In HCV infected patients, TGF-β produced by HCV-specific T cells even appeared to have a protective role and is inversely correlated with inflammation (Li et al., 2012b). Thus, reflecting the complexity of TGF-β intracellular signaling pathways, TGF-β biological effects are highly diverse and strongly depend on the cellular type and the biological context. To complete this elaborate picture, phosphorylated isoforms for pSmad2 and pSmad3 have been described and actively contribute to the diversity of biological actions triggered by TGF-β. Smads are modular proteins with conserved Mad-homology-1 and 2 (MH1/2) intermediate linker domains (Figure 11). The phosphorylation sites are traditionally described in the COOH tail domain of R-Smad (pSmadRC isoforms) but can also occur in the linker domain, thus creating a second type of phosphoisoform, the pSmadRL. The linker domain undergoes regulatory phosphorylation by MAPK pathways including extracellular signal regulated kinase (ERK), c-Jun N-terminal kinase (JNK), p38 MAPK, and cyclindependent kinase (CDK)-2/4 [START_REF] Kretzschmar | A mechanism of repression of TGFbeta/ Smad signaling by oncogenic Ras[END_REF][START_REF] Mori | TGF-beta and HGF transmit the signals through JNK-dependent Smad2/3 phosphorylation at the linker regions[END_REF]. These pathways are usually activated by pro-inflammatory cytokines such as TNF-α. Except for pSmad2L, which is cytoplasmic [START_REF] Kretzschmar | A mechanism of repression of TGFbeta/ Smad signaling by oncogenic Ras[END_REF][START_REF] Yamagata | Acceleration of Smad2 and Smad3 phosphorylation via c-Jun NH(2)terminal kinase during human colorectal carcinogenesis[END_REF], all the phosphoisoforms are localized in the cell nuclei to perpetuate biological signals. The isoforms will activate different sets of genes and thus will differ in their subsequent biological effects. In hepatocytes, TGF-β/Activin signaling will involve the pSmad3C and pSmad2C isoforms and lead to cell cycle arrest [START_REF] Yang | Smad3 reduces susceptibility to hepatocarcinoma by sensitizing hepatocytes to apoptosis through downregulation of Bcl-2[END_REF]. In contrast JNK signaling will involve pSmad3L and pSmad2L isoforms and trigger a mitogenic signal [START_REF] Furukawa | p38 MAPK mediates fibrogenic signal through Smad3 phosphorylation in rat myofibroblasts[END_REF]Matsuzaki et al., 2007;[START_REF] Mori | TGF-beta and HGF transmit the signals through JNK-dependent Smad2/3 phosphorylation at the linker regions[END_REF][START_REF] Sekimoto | Reversible Smad-dependent signaling between tumor suppression and oncogenesis[END_REF]. Interestingly pSmad3C and pSmad3L signals oppose each other but the balance between the two can shift. For example in the case of Smad3 mutants lacking linker phosphorylation sites and/or in presence of JNK inhibitors, the growth inhibitory effect can be restored [START_REF] Murata | Hepatitis B virus X protein shifts human hepatic transforming growth factor (TGF)-beta signaling from tumor suppression to oncogenesis in early chronic hepatitis B[END_REF][START_REF] Nagata | Inhibition of c-Jun NH2-terminal kinase switches Smad3 signaling from oncogenesis to tumor-suppression in rat hepatocellular carcinoma[END_REF][START_REF] Sekimoto | Reversible Smad-dependent signaling between tumor suppression and oncogenesis[END_REF]. Such regulation should be taken into account when one is considering the effectiveness of cytostatic effect of TGF-β/Activin on hepatocytes. In mesenchymal cells (such as HSCs), the pSmadRL isoforms will also inhibit the antiproliferative effect but here, the phosphorylation on the COOH-tail is necessary to induce phosphorylation on the linker site [START_REF] Matsuura | Pin1 promotes transforming growth factor-beta-induced migration and invasion[END_REF][START_REF] Wang | Transforming growth factor-{beta}-inducible phosphorylation of Smad3[END_REF]. Thus, the third isoform, pSmadRL/C, dually phosphorylated will be present in hepatic stellate cells. These isoforms will promote growth stimulation and fibrogenesis [START_REF] Furukawa | p38 MAPK mediates fibrogenic signal through Smad3 phosphorylation in rat myofibroblasts[END_REF][START_REF] Li | The linker region of Smad2 mediates TGF-betadependent ERK2-induced collagen synthesis[END_REF][START_REF] Matsuzaki | Modulation of TGF-beta signaling during progression of chronic liver diseases[END_REF]. As shown in Figure 12 the shift between the isoforms is thus continuously used to adapt the transcriptional response of SMAD2/3 proteins to the cell type and the liver histological context.

In summary chronic liver disorder can result in important alterations in liver architecture and biological functions. Chronic liver inflammation affects all hepatic cells, and our comprehension of the disease evolution should take into consideration that all the different cells are continuously interacting with each other, notably through cytokine signals. Resembling observations in mesenchymal cells (B), carcinomas acquire an invasive phenotype via the pSmad2L/C pathway created by a combination of TGF-β signal with intracellular Ras signal (C) [START_REF] Matsuzaki | Smad phosphoisoform signaling specificity: the right place at the right time[END_REF].

These cytokine signals will create a specific inflammatory environment that will influence cell fate decisions (such as proliferation or differentiation) and the outcome of the disease.

Clinical and epidemiological studies suggest a strong association between chronic infection, inflammation, and cancer (Grivennikov and Karin, 2010;Grivennikov et al., 2010;[START_REF] Lin | A cytokine-mediated link between innate immunity, inflammation, and cancer[END_REF]. Indeed, liver cirrhosis represents an ideal predisposing condition for developing hepatocellular carcinoma. The biology of liver cirrhosis is characterized by a constant stimulus for hepatocellular regeneration in a microenvironment characterized by chronic inflammation and altered ECM composition. Abnormal hepatocellular regeneration leading to HCC can be secondary to a step-wise process in which external stimuli induce genetic alterations in mature hepatocytes, thus leading to monoclonal populations that harbour dysplastic and subsequently neoplastic hepatocytes carcinoma (HCC).

III. Hepatocellular carcinoma and its links with inflammation

A.

Fundamental concepts on cancer 1.

From hyperplasia to malignant tumor Cell growth and differentiation are regular cellular processes, required for the organ development. Alterations in the regulation of these processes can result in loss of control over cell growth, differentiation, and spatial organisation leading to neoplasia or tumor development. Carcinogenesis is a result of stepwise alterations in cellular function [START_REF] Coleman | Molecular Pathology: The Molecular Basis of Human Disease[END_REF]. First, abnormal proliferation after alterations and/or mutations in normal cells that is called hyperplasia. Hyperplasia is considered to be a common and current physiological response to a specific stimulus, and during this process cells remain subject to normal regulatory control mechanisms. On the contrary, in a tumor context, transformed cells proliferate in a non-physiological manner, which is unresponsive to normal stimuli. Then cells are subjected to dedifferentiation, which leads to dysplasia. At the beginning tumor cells retained some of their specialized features and their original morphology are identified as well differentiated [START_REF] Lodish | Molecular Cell Biology[END_REF]. They can thus still be identified as benign since they are well delimited. On the other hand, tumor cells that have lost much of their functions are considered as poorly differentiated. However, although poorly differentiated tumor cells may have underwent an advanced differentiation, their cellular origin may still be recognized through more primitive characteristics. During disease progression, tumor cells can develop the ability to invade surrounding tissues, leading to the appearance of a malignant tumor. The invading ability of the cells can even be extended to other sites within the body ("metastasize") with penetration into the lymphatic vessels ("regional metastasis") and/or the blood vessels ("distant metastasis") (Figure 13). These phenotypic changes confer proliferative, invasive, and metastatic potentials that are the hallmarks of cancer. 

Tumor classification

Neoplasia encompasses a high number of human diseases with a wide range of characteristics. Therefore, the classification of neoplastic diseases is of great importance for the comprehension, the diagnostic, and the development of appropriate therapies for them.

The broadest classification of tumors uses the embryologic origin of cells. During early embryonic development, three cell lineages are established: ectoderm, endoderm, and mesoderm. All subsequent cells, including adult tumors, can be traced to one of these three cellular origins. As such, cancers can be named as carcinomas if they originate from ectodermal or endodermal tissues and as sarcomas if they originate from mesodermal tissues [START_REF] Lodish | Molecular Cell Biology[END_REF].

Carcinomas are the most common cancer type and include all the common epithelial tissue cancers such as lung, colon, breast and liver cancers. Sarcomas arise from mesenchymal cell types, which are predominantly connective tissues. Sub-divisions of carcinomas and sarcomas are based on the organ of origin. Progress in gene expression profiling of tumors permitted classification of tumors based on molecular characteristics. Actually, new classification of human tumors based on their gene expression profiles may arise from further research of this area.

In the liver benign and malign tumors can occur. The three common benign tumors are hemangiomas, adenomas and focal nodular hyperplasia. When hemangiomas and focal nodular hyperplasia usually required no treatment, adenomas are typically resected.

Malign tumors comprised cholangiocarcinoma and hepatocellular carcinoma (HCC).

Cholangiocarcinoma is relatively rare (annual incidence of 1-2 cases per 100,000 in the Western world) whereas HCC is the most common type of liver cancer. My work has been focused on this pathology. Therefore, more details will be given in the following sections.

HCC is the most frequent liver tumor, derived from the malignant transformation of hepatocytes. HCC is a major cause of cancer mortality worldwide. Due to late detection, the overall prognosis is generally poor. Understanding the etiology, epidemiology, physiopathology, 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.

B.

Hepatocellular carcinoma

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 (Ferlay et al., 2010).

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 14).

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 are similar to that observed for incidence (Figure 15) (Ferlay et al., 2010).

. 

Risk factors

Most patients with HCC have liver cirrhosis mostly induced by the chronic liver disease's risk factors previously described. 50% of the patients diagnosed for HCC are also infected with hepatitis B virus, with a further 25% infected with hepatitis C virus (Gurtsevitch, 2008).

Alcoholic liver disease, non-alcoholic steatohepatitis, intake of aflatoxin-contaminated food, diabetes, and obesity are also known to be major risk factors for HCC development [START_REF] Fares | Epidemiology, natural history, and risk factors of hepatocellular carcinoma[END_REF].

HBV infection can stimulate acute and chronic liver disease and is thought to cause HCC via both direct and indirect pathways. Indeed genetic alterations, chromosomal rearrangement and genomic instability can the direct cause of HBV's DNA integration into the host cell genome [START_REF] Szabó | Similarities and differences in hepatitis B and C virus induced hepatocarcinogenesis[END_REF] or indirect cause associated to the persistent cell's renewal induced by hepatocyte damage and chronic inflammation (But et al., 2008).

HCV infection causes chronic inflammation, cell death, proliferation, and cirrhosis of the liver (But et al., 2008). Thus, HCV-related HCC is found almost exclusively in patients with cirrhosis (But et al., 2008). HCV may cause HCC by various indirect mechanisms including promotion of oxidative stress, 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].

Heavy alcohol intake 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. The severity of fibrosis and the rate of cirrhosis and HCC development are much higher in patients diagnosed for both HCV infection and alcoholic liver hepatitis than in patients only suffering from HCV infection [START_REF] Singal | Mechanisms of synergy between alcohol and hepatitis C virus[END_REF]. The mechanisms by which alcohol acts in synergy with HCVinfection to aggravate liver disease are not fully understood. Nevertheless the dominant mechanism appears to be increased oxidative stress.

HCC in non-cirrhotic livers is rare and mostly occurs as a result of HBV infection, as described earlier [START_REF] El-Serag | Hepatocellular carcinoma: epidemiology and molecular carcinogenesis[END_REF]. 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 [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 genomic damage that can promote the tumor formation [START_REF] Bressac | Selective G to T mutations of p53 gene in hepatocellular carcinoma from southern Africa[END_REF].

Molecular alterations in HCC

During carcinogenesis, the balance between pathways controlling cell cycle and apoptosis is deregulated; and as a consequence cancer cells gain the capacity to divide indefinitely. These mechanisms are dependent on oncogene expression and/or silencing of tumor suppressor genes [START_REF] Sulic | Deregulation of cell growth and malignant transformation[END_REF]. Gene expression is regulated either through their DNA sequence (genetic regulation) and/or through the accessibility on the chromatin (epigenetic regulation) (Jones and Baylin, 2002). A complete chapter will be dedicated to epigenetic mechanisms in HCC later in the introduction; the current paragraph will focus mainly on genetic alterations observable in HCC patients.

Hepatocyte transformation occurs with the accumulation of gene alterations related to carcinogenesis. Gene alterations finally cumulate in HCC in order to support, enhance and induce all the cellular processes required for the progression and growth of the tumor. In HCC, several tumor suppressor genes essentially involved in the control of cell cycle have been reported to be mutated, downregulated or inactivated [START_REF] Shiraha | Human hepatocyte carcinogenesis (review)[END_REF]. In this way TP53, one of the famous tumor suppressor gene involved in cell cycle arrest, is found mutated in 50% of aflatoxin induced HCC and between 28-42% in non-aflatoxin induced HCC [START_REF] Bressac | Selective G to T mutations of p53 gene in hepatocellular carcinoma from southern Africa[END_REF][START_REF] Buendia | Genetics of hepatocellular carcinoma[END_REF][START_REF] Tannapfel | INK4a-ARF alterations and p53 mutations in hepatocellular carcinomas[END_REF]. Two additional recent studies of whole genome or exome sequencing in HCC samples confirmed that mutations are frequently observed in the TP53 genes [START_REF] Fujimoto | Whole-genome sequencing of liver cancers identifies etiological influences on mutation patterns and recurrent mutations in chromatin regulators[END_REF][START_REF] Guichard | Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in hepatocellular carcinoma[END_REF].

Others cell cycle regulators, like Retinoblastoma protein (Rb) or p16 Ink4A proteins are inactivated in more than 80% of cases [START_REF] Azechi | Disruption of the p16/cyclin D1/retinoblastoma protein pathway in the majority of human hepatocellular carcinomas[END_REF]). As a last example, the tumor suppressor phosphatase and Tensin homolog (PTEN) protein activity is absent or reduced in 40% cases [START_REF] Hu | Expression and prognostic role of tumor suppressor gene PTEN/MMAC1/TEP1 in hepatocellular carcinoma[END_REF]. Although the percentage of tumor suppressor gene alterations is lower compared to other solid tumors, it remains a positive contribution for hepatocarcinogenesis. At the opposite end of the spectrum, activation or over-expression of oncogenes appears even less primordial as for example, mutations of the 3 major oncogenes Ras (H-, K-and N-ras) are found in only a few cases [START_REF] Challen | Infrequent point mutations in codons 12 and 61 of ras oncogenes in human hepatocellular carcinomas[END_REF][START_REF] Stork | Detection of K-ras mutations in pancreatic and hepatic neoplasms by non-isotopic mismatched polymerase chain reaction[END_REF][START_REF] Tada | Analysis of ras gene mutations in human hepatic malignant tumors by polymerase chain reaction and direct sequencing[END_REF].

Cell proliferation and tumor growth are also sustained through the reactivation of developmental pathways, notably the Wnt/β-catenin and Hedgehog pathways [START_REF] Huang | Activation of the hedgehog pathway in human hepatocellular carcinomas[END_REF][START_REF] De La Coste | Somatic mutations of the beta-catenin gene are frequent in mouse and human hepatocellular carcinomas[END_REF][START_REF] Legoix | Beta-catenin mutations in hepatocellular carcinoma correlate with a low rate of loss of heterozygosity[END_REF][START_REF] Mullor | Pathways and consequences: Hedgehog signaling in human disease[END_REF] the activation of these pathways strongly alter the proliferation rate and differentiation of neoplastic cells. This is illustrate by the observation of numerous mutations in genes involved in the Wnt/βcatenin pathway including the gene CTNNB1 itself [START_REF] Fujimoto | Whole-genome sequencing of liver cancers identifies etiological influences on mutation patterns and recurrent mutations in chromatin regulators[END_REF][START_REF] Guichard | Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in hepatocellular carcinoma[END_REF]. They act in combination with the expression of several growth factors. For example, TGF-α is expressed in 81% of HCC patient and stimulates hepatocyte proliferation via activation of the EGFR pathway and in a second study mutation in ERRFI1 (an inhibitor of the EGFR protein) could also contribute to the activation of the pathway [START_REF] Guichard | Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in hepatocellular carcinoma[END_REF]. Also, alteration of the insulin-like growth factor (IGF)-2 pathway in HCC induces an overexpression of this mitogenic mediator and IGF-2 is even expressed during precancerous lesion stages [START_REF] De Souza | M6P/IGF2R gene is mutated in human hepatocellular carcinomas with loss of heterozygosity[END_REF][START_REF] Yamada | Loss of the gene encoding mannose 6phosphate/insulin-like growth factor II receptor is an early event in liver carcinogenesis[END_REF]. In addition the immortalisation of cancer cells is secure by the maintenance of telomerase activity (found in 90% of HCC cases) [START_REF] Kojima | Telomerase activity and telomere length in hepatocellular carcinoma and chronic liver disease[END_REF][START_REF] Nagao | Telomerase reverse transcriptase mRNA expression and telomerase activity in hepatocellular carcinoma[END_REF].

Finally, important mutations in the genes coding for proteins that are part of the SWI/SNF complex (such as ARID1A and ARID1B) were described in HCC samples. In addition others chromatin remodelling complexes harbour mutations in their genes (e.g SMARCA2, SMACB1) [START_REF] Fujimoto | Whole-genome sequencing of liver cancers identifies etiological influences on mutation patterns and recurrent mutations in chromatin regulators[END_REF][START_REF] Guichard | Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in hepatocellular carcinoma[END_REF]. This type of mutations represents the first hit of a process that will downstream alter the transcription regulation mechanisms for many genes.

All the molecular alterations, including others not detailed in this section, are crucial components of the complex machinery that pilot the initiation and development of hepatocellular carcinoma (Figure 16).

HCC is a complex disease and a better understanding of the underlying mechanisms and the deregulated pathways will bring important information for the development of specific/targeted chemotherapeutic agents that can overcome the mechanisms of drug resistance in the liver. In addition, the delayed prognosis and the lack of appropriate treatment for patients with advanced stages of HCC, highlight the need of to improve patients diagnosis through a better comprehension of the mechanisms implied in the hepatocarcinogenesis. C.

From chronic inflammation to hepatocellular carcinoma 1.

Inflammatory mechanisms leading to HCC Epidemiological, pharmalogical and genetic evidences provided solid support that inflammation can promote tumor initiation and tumor progression (Grivennikov et al., 2010).

Naturally not all types of inflammation lead to cancer: for example, acute inflammation instead contributes to tumor suppression, but as its name indicates, has limited action and evolves rapidly into chronic inflammation. Some mechanisms whereby inflammation promotes tumor initiation have already been mentioned with HCV and HBV risk factor descriptions. All these mechanisms can be grouped into 3 complementary processes (Figure 17): i) induction and/or increase of DNA damage, chromosomal rearrangements and genome instability, ii) perturbation of the proliferation/cell cycle arrest balance iii) epigenetic reprogramming (this section will be developed in future chapters dedicated to epigenetic mechanisms). In cirrhosis macronodules containing foci of hepatocyte dysplasia are considered to be preneoplastic lesions of HCC [START_REF] Roskams | Pathology of early hepatocellular carcinoma: conventional and molecular diagnosis[END_REF]. In addition, all the cytokines described earlier (i.e. TNFα, IL-6, IL-1α and IL-1β) and strongly secreted during chronic liver disease are believed to contribute to tumor initiation largely by promoting cell proliferation.

Naturally stimulation of cell proliferation alone will not initiate HCC, but associated to carcinogens, inflammatory-induced cell proliferation could make the connection from transformed cells to tumor initiation. Pro-inflammatory cytokines are not the only mediators to be involved in hepatocarcinogenesis, anti-inflammatory cytokines (such as IL-10) are as important to assist tumor initiation via the control of immune surveillance escape [START_REF] Gonda | Chronic inflammation, the tumor microenvironment and carcinogenesis[END_REF]. Therefore, tumor initiation happened through a delicate deregulation of the proinflammatory/anti-inflammatory mechanisms balance.

Concomitantly, inflammation can participate in cancer initiation by promoting DNA damage and genomic instability. These two processes involved in the activation of oncogenes and silencing of tumor suppressor genes are fundamental for cell transformation. Indeed, viral hepatitis, alcohol liver disease and NASH all contribute to the production and accumulation of intracellular ROS (Bartsch and Nair, 2006). ROS can induce DNA damage and genomic instability either directly or indirectly by oxidizing enzymes and proteins involved in mismatched DNA repair. In consequence, hepatocytes harbouring extensive DNA damage and undergoing prolonged proliferation during chronic inflammation may acquire mutations and growth advantages, thus promoting initiation and progression of hepatocellular carcinoma [START_REF] Wu | Molecular mechanisms underlying chronic inflammation-associated cancers[END_REF][START_REF] Yan | Molecular analysis of genetic instability caused by chronic inflammation[END_REF].

Finally inflammation may contribute to cancer development by requisition and activation of hepatic progenitor cells (HPCs). This particular category of cells due to their loss of specialization, and plasticity is indeed more sensitive to transformation.

Inflammation, hepatic progenitor cells and hepatocarcinogenesis

The observation that HCC cells present specific markers that are common with stem cells and that progression of liver cancer is associated with dedifferentiation (a process by which a specialized, a differentiated cell regresses to a more embryonic and unspecialized form) led to the 'maturation arrest hypothesis', which predicts that liver cancer may arise from stem cells that failed to complete their differentiation (Wu et al., 1996;Yamashita et al., 2008;Yoon et al., 1999). As described before, HPCs are activated when the replication of mature hepatocytes is blocked, in order to take over liver regeneration and repair [START_REF] Roskams | Progenitor cell involvement in cirrhotic human liver diseases: from controversy to consensus[END_REF]Roskams et al., 2003b;Yang et al., 2004). In particular a significant percentage of cirrhotic regenerative nodules are composed of HPC-derived hepatocytes [START_REF] Lin | The histogenesis of regenerative nodules in human liver cirrhosis[END_REF]. Several studies have provided evidence to support the hypothesis of an HPC origin for liver cancer (Knight et al., 2008;[START_REF] Libbrecht | Hepatic progenitor cells in human liver tumor development[END_REF]Tang et al., 2008a). As exposure to different environmental factors can activate inflammation in liver cells, one current model proposes that the inflammatory microenvironment directly promotes HPC activation and transformation. More specifically, IL6, TNFα, IFNγ and TWEAK (TNF-like weak inducer of apoptosis, a member of the TNF family), increased the number of rodent HPCs in vitro and in vivo [START_REF] Brooling | Differential regulation of rodent hepatocyte and oval cell proliferation by interferon gamma[END_REF]Knight et al., 2000;Yeoh et al., 2007). In addition, increasing proliferation of HPCs by cytokines is not just a side-effect of inflammation-induced cell proliferation, since the proliferative effects of IFNγ and TWEAK on HPCs have been shown

to be specific to HPCs (when compared with hepatocytes). Finally in HCC, cells expressing progenitor/ductular markers are more aggressive, chemoresistant and more prone to metastasize [START_REF] Lee | A novel prognostic subtype of human hepatocellular carcinoma derived from hepatic progenitor cells[END_REF]. In this manner, the recruitment of HPCs for hepatocarcinogenesis could be an important feature for the cancer's aggressiveness.

Creation of an inflammatory microenvironment during HCC

The link between inflammation and HCC is not one-way. If inflammation can promote HCC initiation, the tumor will in turn maintain/create an inflammatory environment to sustain its growth and progression (Grivennikov et al., 2010). To ensure its progression the tumor needs to maintain a cell proliferation rate higher than apoptosis and to hold onto immune surveillance escape. In particular high activation of STAT3 in HCC will not only promote cell proliferation but also induce the secretion of mediators that will impair dendritic cell maturation and lymphocyte T activation [START_REF] Yu | Crosstalk between cancer and immune cells: role of STAT3 in the tumour microenvironment[END_REF]. In the same manner, oncogene activation s not only directly influences cell proliferation but also indirectly contributes to the preservation of a favourable microenvironment by activating the secretions of cytokines involved in inflammation, angiogenesis and metastasis [START_REF] Mantovani | Cancer-related inflammation[END_REF].

mRNA and proteins expression of cytokines in HCC has been demonstrated by immunohistochemistry (IHC), quantitative PCR (qRT-PCR) and ELISA, and compared between tumors versus non tumors samples. Anti-inflammatory (IL-10) and proinflammatory (IL-1β, IL-18, TNF-α and IL-6) have all being globally found over expressed in tumors samples compared to healthy tissues, or in plasma of patients [START_REF] Aroucha | High tumor necrosis factor-/interleukin-10 ratio is associated with hepatocellular carcinoma in patients with chronic hepatitis C[END_REF]Budhu and Wang, 2006;[START_REF] Jang | Serum interleukin-6 and C-reactive protein as a prognostic indicator in hepatocellular carcinoma[END_REF][START_REF] Liang | Interleukin-6 and oncostatin M are elevated in liver disease in conjunction with candidate hepatocellular carcinoma biomarker GP73[END_REF]. TGF-β has been found both lower or higher expressed in tumors in distinct studies [START_REF] Okumoto | Possible contribution of circulating transforming growth factor-beta1 to immunity and prognosis in unresectable hepatocellular carcinoma[END_REF][START_REF] Sasaki | Alterations of the transforming growth factor-beta signaling pathway in hepatocellular carcinomas induced endogenously and exogenously in rats[END_REF]Yuen et al., 2002), underlying its complex function during liver cancer progression (see below). In addition, the levels of cytokines have even been correlated to disease prognosis.

For example, IL-6, TNF-α and IL-1β have been linked to the development of metastases (Bortolami et al., 2002;[START_REF] Coskun | Serum hepatocyte growth factor and interleukin-6 levels can distinguish patients with primary or metastatic liver tumors from those with benign liver lesions[END_REF]. High anti-inflammatory levels such as IL-10 and TGF-β have been related to shorter free disease, shorter survival period or metastasis [START_REF] Chau | Serum interleukin-10 but not interleukin-6 is related to clinical outcome in patients with resectable hepatocellular carcinoma[END_REF][START_REF] Hussein | MAGE-4 gene m-RNA and TGF in blood as potential biochemical markers for HCC in HCV-infected patients[END_REF][START_REF] Lee | Transforming growth factor beta 1 overexpression is closely related to invasiveness of hepatocellular carcinoma[END_REF]Li et al., 2012a;[START_REF] Okumoto | Possible contribution of circulating transforming growth factor-beta1 to immunity and prognosis in unresectable hepatocellular carcinoma[END_REF].

In conclusion, inflammation is not only a path to HCC development it is intimately linked to its evolution. Inflammation and liver cancer disease co-evolving together by continuously regulating each other. As a result the inflammatory landscape is greatly modify between the early and late stages of tumor development, and a cytokine, like TGF-β, can display different, even adverse, functions during this development.

4.

Evolution of TGF-β functions during HCC development.

TGF-β is largely overexpressed during hepatic and cirrhotic liver disorders. In HCC cases, either overexpression or downregulation of TGF-β itself or of components of the TGF-β pathway have been described (Table 3) [START_REF] Breuhahn | Dysregulation of growth factor signaling in human hepatocellular carcinoma[END_REF]. Interestingly, while TGF-β receptor type II (TGFBRII) and SMAD4 are commonly found inactivated in several types of carcinoma [START_REF] Levy | Alterations in components of the TGF-beta superfamily signaling pathways in human cancer[END_REF], in HCC deregulation of the signaling pathway through mutations occurs very rarely (Table 3). TGF-β is usually depicted as a suppressive tumor agent (via its cell cycle arrest and apoptotic effects) and inactivation of its signaling pathway could be considered as a strategy of the tumor to bypass its effects. However the fluctuation observed for its regulation in HCC indicates a much more complex role of the TGF-β pathway in hepatocarcinogenesis. 

SMAD7

Upregulated in 60% of advanced HCCs

It is true that cell cycle arrest and apoptotic mechanisms triggered by TGF-β in hepatocytes would participate in a global anti-tumorigenic effect. In such cases, TGF-β operates through the activation of cell cycle inhibitors (e.g. p21 and p15) (Massagué, 2008), the repression of mitogenic agents (e.g. c-myc) [START_REF] Spender | TGF-beta induces growth arrest in Burkitt lymphoma cells via transcriptional repression of E2F-1[END_REF] and the stimulation of apoptosis (by interfering with the BIM cell death signaling, the NF-κB anti-apoptotic pathway) [START_REF] Cavin | Inhibition of CK2 activity by TGF-beta1 promotes IkappaB-alpha protein stabilization and apoptosis of immortalized hepatocytes[END_REF][START_REF] Ramesh | TGF betamediated BIM expression and apoptosis are regulated through SMAD3-dependent expression of the MAPK phosphatase MKP2[END_REF]. This notion is supported in mice models where the decrease of TGFBRII expression enhances HCC susceptibility [START_REF] Im | Heterozygous mice for the transforming growth factor-beta type II receptor gene have increased susceptibility to hepatocellular carcinogenesis[END_REF]). Yet the antiinflammatory nature of TGF-β could also facilitate HCC development by contributing to the immune surveillance escape through modulation of the immune cells' response [START_REF] Flavell | The polarization of immune cells in the tumour environment by TGFbeta[END_REF]Yang et al., 2010a).

In the other hand, additional experimental models overproducing TGF-β present an increased susceptibility to chemical carcinogens and further HCC development [START_REF] Factor | Constitutive expression of mature transforming growth factor beta1 in the liver accelerates hepatocarcinogenesis in transgenic mice[END_REF][START_REF] Schnur | Chemical hepatocarcinogenesis in transgenic mice overexpressing mature TGF beta-1 in liver[END_REF] and persistent high levels of TGF-β promote malignancies and metastases [START_REF] Padua | Roles of TGFbeta in metastasis[END_REF]. In humans, the increase of TGF-β even correlates with a decrease in response to effective therapy and TGF-β has been proposed as prognostic marker [START_REF] Ito | Elevated levels of transforming growth factor beta messenger RNA and its polypeptide in human hepatocellular carcinoma[END_REF][START_REF] Shirai | Plasma transforming growth factor-beta 1 in patients with hepatocellular carcinoma. Comparison with chronic liver diseases[END_REF]. But above all, TGF-β's pro-tumorigenic effects are mainly grouped under the promotion of epithelial-mesenchymal-transition (EMT) [START_REF] Gotzmann | Hepatocytes convert to a fibroblastoid phenotype through the cooperation of TGF-beta1 and Ha-Ras: steps towards invasiveness[END_REF]. EMT designs an orchestrated series of events in which dedifferentiation of epithelial cells occurs by loss of cell-to-cell contacts and the mesenchymal phenotype is acquired by aconcomitant gain of migratory and invasive abilities [START_REF] Mikulits | Epithelial to mesenchymal transition in hepatocellular carcinoma[END_REF]. EMT is essential for numerous developmental processes, woundhealing in fibrotic organs and initiation of metastases in carcinogenesis. EMT allows carcinoma cells to escape the solid tumoral mass and to invade and colonize new sites. TGFβ is the main mediator of EMT and processes via the activation of key genes such as TWIST, SNAI-1/2 and ZEB1/2 and repression of CDH1 (E-Cadherin) [START_REF] Inman | Switching TGFb from a tumor suppressor to a tumor promoter[END_REF]. As it is tightly link to metastases, EMT (and by extension, TGF-β pro-tumorigenic actions) was traditionally described as advanced/later carcinogenesis stage processes. Opposite roles of TGF-β were thus explained by the different stages of carcinogenesis, with early stage associated with a tumor-suppressive function and later stages associated with a tumor-supporting function.

This concept is supported by the observation that TGF-β does not induces similar intracellular signals in normal of transformed hepatocytes. As an example, the activation of the EGFR signaling pathway and the activation of SNAIL1 are required to inhibit TGF-βinduced apoptosis and to enhance EMT [START_REF] Caja | Differential intracellular signalling induced by TGF-beta in rat adult hepatocytes and hepatoma cells: implications in liver carcinogenesis[END_REF][START_REF] Franco | Snail1 suppresses TGF-beta-induced apoptosis and is sufficient to trigger EMT in hepatocytes[END_REF]. But nowadays, deep comprehensive studies on EMT have questioned the idea that this process is associated only with advanced carcinogenesis stages. Cells undergoing morphology changes tightly resembling EMT have been described in early stages of carcinogenesis [START_REF] Rhim | EMT and dissemination precede pancreatic tumor formation[END_REF].

Thus TGF-β could hold at the same time both pro and anti-tumorigenic function (Figure 18).

Notably, in HBV infection, one of the initial steps associated with HCC progression is EMT [START_REF] Cougot | HBV induced carcinogenesis[END_REF]. In addition, the observation of some hepatocytes able to respond to TGF-β induced EMT during fibrosis, raises the hypothesis that TGF-β would induce this phenotype change in hepatocytes in order to escape apoptotic signal [START_REF] Dooley | Hepatocyte-specific Smad7 expression attenuates TGF-beta-mediated fibrogenesis and protects against liver damage[END_REF][START_REF] Kaimori | Transforming growth factorbeta1 induces an epithelial-to-mesenchymal transition state in mouse hepatocytes in vitro[END_REF]. This mechanism of apoptotic evasion is naturally fundamental for hepatocarcinogenesis. Finally, TGF-β can promote HCC cell proliferation, through modulation of the SMAD3 phosphorylation site. As described earlier, phosphorylation on the linker site will trigger a mitogenic signal. In particular during HBV infection, HBX has shown the ability to shift the phosphorylation on Smad3 linker site and therefore to support growth of HCC cells [START_REF] Murata | Hepatitis B virus X protein shifts human hepatic transforming growth factor (TGF)-beta signaling from tumor suppression to oncogenesis in early chronic hepatitis B[END_REF]. TGF-β inhibits proliferation of pre-malignant hepatocyte. At early stage of HCC, TGF-β probably still continues its growth arrest action, but may also initiate in the same time tumor promotion. At advanced stages TGF-β clearly support the tumor growth through cell proliferation and EMT (adapted from [START_REF] Yamazaki | Molecular pathogenesis of hepatocellular carcinoma: altering transforming growth factor-b signaling in hepatocarcinogenesis[END_REF].

The balance between linker of COOH-tail phosphorylation for SMAD3 activation is one of the proposed mechanisms to explain the switch between tumor-suppressor and tumorpromotor effect of TGF-β but in a general manner, this switch between TGF-β effects is also the consequence of the multiple genetic and epigenetic changes observed in tumor cell genomes: as examples mutations of the tumor suppressor TP53 have been described as a trigger for switching TGF-β response [START_REF] Adorno | A Mutant-p53/Smad complex opposes p63 to empower TGFbeta-induced metastasis[END_REF], and epigenetic regulations of PDGFβ and DAB2 expression are capable in other types of solid tumors to permute TGF-β functions [START_REF] Bruna | High TGFbeta-Smad activity confers poor prognosis in glioma patients and promotes cell proliferation depending on the methylation of the PDGF-B gene[END_REF][START_REF] Hannigan | Epigenetic downregulation of human disabled homolog 2 switches TGF-beta from a tumor suppressor to a tumor promoter[END_REF]. But the understanding of TGF-β functions during hepatocarcinogenesis remains partial and further studies are required to elucidate its precise roles.

We have reviewed here how inflammation can drive and accompany HCC development. But this specific microenvironment is not the only parameter sustaining tumor growth. Over the past 10 years, the concept of cancer cell hierarchy has greatly evolved and brought out the idea that a small sub-population of cancer cells named "cancer stem cells" harbour unique features that render them indispensable for the tumor development. Such cells have been described in hepatocellular carcinoma, and I will present them in this next section.

IV. Cancer stem cells in hepatocellular carcinoma

Traditionally, cancer has been considered as a multistep process defined by the sequential acquisition of key mutations leading to aberrant clonal expansion of a cell. However, recent progress in basic research has transformed this concept at different levels. First, the role of the tumor microenvironment has been well described and is now fully recognized [START_REF] Lin | A cytokine-mediated link between innate immunity, inflammation, and cancer[END_REF]Schafer and Brugge 2007) in contexts such as inflammation. Second, the role of epigenetic deregulation, in combination to genetic aberrations, in most human tumors is more and more striking. Third, a "cancer stem cell" model of tumorigenesis has been strongly supported by experimental evidence. This model suggests that tumors are sustained in their development by a small subpopulation of tumor cells harboring "stem-like" properties.

A.

Cancer stem cells concept

Cancer stem cell (CSC) is an operational term to functionally define a distinct subpopulation of tumor cells that present aberrant abilities for self-renewal, proliferation and differentiation (Stingl and Caldas 2007;[START_REF] Palacios | TNF/p38alpha/ polycomb signaling to Pax7 locus in satellite cells links inlammation to the epigenetic control of muscle regeneration[END_REF]. Indeed, classical models of carcinogenesis can be described as "stochastic" or "random," in which any cell in an organ, such as the liver, can be transformed by acquisition of the right combination of mutations (Martinez-Climent, Andreu et al. 2006). As a result, the tumor mass can present some heterogeneity (mainly represented by genetic variations) but cells in the dominant clonal population would possessed similar tumorigenic potential and would lead the tumor growth (Figure 19). In consequence, strategies designed to treat and ultimately cure these cancers require killing all these malignant cells. Inversely, the cancer stem cell hypothesis is a fundamentally different model. This model proposes a hierarchical organization, similar to what occurs in healthy tissue with stem cells, where a small subset of cells would be responsible for the tumor development and its cellular heterogeneity. CSCs would thus share with stem cells the ability of self-renewal and differentiation. The cancer stem cell model is predicated on a hierarchical organization of cells, where a small subset of cells has the ability to sustain tumorigenesis and generate heterogeneity through differentiation. In the example shown, a mutation(s) in a progenitor cell (depicted as the brown cell) has endowed the tumor cell with stem cell-like properties. These cells have self-renewing capability and give rise to a range of tumor cells (depicted as gray and green cells), thereby accounting for tumor heterogeneity (Visvader and Lindeman, 2012) .

From an experimental point of view, CSCs are usually characterized by a specific combination of one or several extracellular marker(s) (Table 4) and the properties mentioned above are tested via 3 "operational definitions" ( [START_REF] Calabrese | A perivascular niche for brain tumor stem cells[END_REF]. The first CSCs were described in acute myeloid leukemia (AML) almost 20 years ago [START_REF] Bonnet | Human acute myeloid leukemia is organized as a hierarchy that originates from a primitive hematopoietic cell[END_REF][START_REF] Lapidot | A cell initiating human acute myeloid leukaemia after transplantation into SCID mice[END_REF], since then CSCs have been identified in several others types of solid tumors including, breast [START_REF] Al-Hajj | Prospective identification of tumorigenic breast cancer cells[END_REF], liver [START_REF] Suetsugu | Characterization of CD133+ hepatocellular carcinoma cells as cancer stem/progenitor cells[END_REF], pancreas [START_REF] Lee | Pancreatic cancer stem cells[END_REF], ovarian [START_REF] Szotek | Ovarian cancer side population defines cells with stem cell-like characteristics and Mullerian Inhibiting Substance responsiveness[END_REF], prostate [START_REF] Collins | Prospective identification of tumorigenic prostate cancer stem cells[END_REF], brain [START_REF] Singh | Identification of a cancer stem cell in human brain tumors[END_REF] and colon cancers [START_REF] O'brien | A human colon cancer cell capable of initiating tumour growth in immunodeficient mice[END_REF].

CSCs have been further shown to present additional characteristics such as the expression of ATP-binding cassette transporters (ABC transporters) responsible for drug efflux in the cell [START_REF] Gatti | Novel insights into targeting ATP-binding cassette transporters for antitumor therapy[END_REF]. In consequence, CSCs present higher resistance to chemotherapy and to irradiation [START_REF] Grotenhuis | Cancer stem cells and their potential implications for the treatment of solid tumors[END_REF]. It is then easy to understand that the discovery of this new sub-population generated great enthusiasm because they provided an explanation for chemoresistance and cancer relapse.

In appearance simple, the CSC theory is however complex and source of many controversies.

Indeed in the absence of a precise definition (despite an operational characterization that is only rarely fully achieved in every study), a clear classification for CSCs remains impossible.

As presented in Table 4, each tissue presents putative CSCs with different extracellular markers and even in one specific tissue several different sub-populations have been described (e.g. ovarian cancer and AML). This heterogeneity within CSC populations can be derived from technical variations used for their study (e.g. cultured vs. fresh sorted cells, extensively passaged vs. early xenograft cells etc.) but also from intra tissue multiple CSC pools (Visvader and Lindeman, 2012). Indeed CSC and clonal evolution models are not mutually exclusive. As presented in Figure 20, within individual cancer patients CSCs can acquire different alterations and became genetically heterogeneous. Finally CSCs heterogeneity can also come from the plasticity of cancer cells that could dedifferentiate and re-acquire a stem cell like phenotype (Figure 20) and generate a second type of CSCs. This dedifferentiation has mainly been described in vitro, but several studies presented a stochastic transition between the two states (CSCs and non-CSCs) likely to maintain equilibrium between cell populations (Chaffer et al., 2013;[START_REF] Yang | Dynamic equilibrium between cancer stem cells and non-stem cancer cells in human SW620 and MCF-7 cancer cell populations[END_REF]. Such balance between stem and differentiated cells has already been reported in healthy tissue like in mouse testis [START_REF] Barroca | Mouse differentiating spermatogonia can generate germinal stem cells in vivo[END_REF], hence a similar regulation between pluripotency and differentiation could also occur in cancer. The status of CSCs is thus complex and is in constant evolution with the progresses in cancer and stem cell research. [START_REF] Sugihara | Complexity of cancer stem cells[END_REF].

The last trait subject to discussion is the nomenclature of "cancer stem cells". CSCs have been named after stem cells because they share with them fundamental properties such as ability to differentiate into heterogeneous lineages and self-renewal. But they also present some differences, mainly that the equilibrium between proliferation, differentiation and apoptosis that characterize regular stem cell is lost in CSCs where the unbalanced cell growth serves exclusively to form of tumor mass [START_REF] Sampieri | Cancer stem cells and metastasis[END_REF].The "cancer stem cell" designation should thus not be confused with a transformed stem cells or an immortalized stem cell. This would implt that CSCs are authentic stem cells, while stem cells and CSCs only shared some properties. And even in the case where CSCs would originate from somatic stem cells, it is very likely that some of the stem cell properties would be lost or altered during the transformation. CSCs have been designed like this to illustrate that they are localized at the base of the pyramidal differentiation process that will construct the tumor (Figure 19). To avoid confusion, CSCs are also called tumor-initiating cells (TICs), this appellation being more in accord with the operational assay used for their definition.

However, even this last appellation has been subject to controversy, as the CSCs injected into to SCID/NOD mice are already initiated and thus will not initiate a new tumor but will rather propagate the tumor they are originated from [START_REF] Sampieri | Cancer stem cells and metastasis[END_REF]. Despite this, CSCs and TICs are the most common designations and are often used in a synonymous way. In the present manuscript, the appellation "cancer stem cells" will be used to design this specific sub-population.

Finally it should be underlined that not all cancers develop sustained by CSCs. In melanoma in particular, the high proportion of tumorigenic cells (up to 50%) and the wide spectrum of marker argue against a CSC model for the tumor heterogeneity [START_REF] Quintana | Phenotypic heterogeneity among tumorigenic melanoma cells from patients that is reversible and not hierarchically organized[END_REF].

B. [START_REF] Tong | Biology of hepatic cancer stem cells[END_REF]. Among all the extracellular markers (listed in Table 6), the most common are CD133, CD90, CD44 and the epithelial cell adhesion molecule (EpCAM). More recently CD13 has been identified as a marker for dormant/quiescent CSCs and associated with CD90 and CD133 expression after CSC activation (Haraguchi et al., 2010). Oval cell (OV)-6, delta-like 1 homolog (DLK1) and CD24 have also been identified as potential liver CSCs but have not been deeply exploited [START_REF] Salnikov | Cancer stem cell marker expression in hepatocellular carcinoma and liver metastases is not sufficient as single prognostic parameter[END_REF][START_REF] Xu | DLK1 as a potential target against cancer stem/progenitor cells of hepatocellular carcinoma[END_REF]Yang et al., 2008a).

Interestingly, two functional markers have also been used to characterize CSCs in HCC cell lines: the enzymatic activity of aldehyde deshydrogenase (ALDH) involved in detoxification, oxidative stress metabolism and drug resistance (Ma et al., 2008a) and the high expression of ATP binding cassette (ABC) transporters conferring on them a higher ability to efflux xenobiotic substances [START_REF] Jia | Positive correlation of Oct4 and ABCG2 to chemotherapeutic resistance in CD90(+)CD133(+) liver cancer stem cells[END_REF][START_REF] Zhu | Cancer stem/progenitor cells are highly enriched in CD133+CD44+ population in hepatocellular carcinoma[END_REF]. This last ability was traditionally visualized after Hoechst 3342 dye staining by fluorescence activated cell sorting (FACS)

where CSCs are discerned as a side population (SP) that incorporate the staining less [START_REF] Chiba | Side population purified from hepatocellular carcinoma cells harbors cancer stem cell-like properties[END_REF]. SP was actually one of the first parameters used to characterize CSCs in HCC cell lines (and in other types of cancer) but it was quickly less used in favor of extracellular markers.

Table 6. Cell surface marker for liver CSCs. ( adapted from Yamashita et al., 2013)

The relevance of theses markers was tested through the classical assays described earlier:

proliferation capacity, clonogenic potential and tumorigenic potential (Haraguchi et al., 2010;[START_REF] Kimura | Characterization of the epithelial cell adhesion molecule (EpCAM)+ cell population in hepatocellular carcinoma cell lines[END_REF][START_REF] Suetsugu | Characterization of CD133+ hepatocellular carcinoma cells as cancer stem/progenitor cells[END_REF][START_REF] Yang | Significance of CD90+ cancer stem cells in human liver cancer[END_REF][START_REF] Yin | CD133 positive hepatocellular carcinoma cells possess high capacity for tumorigenicity[END_REF][START_REF] Zhu | Cancer stem/progenitor cells are highly enriched in CD133+CD44+ population in hepatocellular carcinoma[END_REF].

Some studies went further and also investigated the expression of genes related to stem cells (e.g. NANOG, SOX2, OCT4), the chemoresistance, the invasiveness and the metastatic potential [START_REF] Kohga | Expression of CD133 confers malignant potential by regulating metalloproteinases in human hepatocellular carcinoma[END_REF][START_REF] Song | Expression and clinical significance of the stem cell marker CD133 in hepatocellular carcinoma[END_REF][START_REF] Tomuleasa | Isolation and characterization of hepatic cancer cells with stem-like properties from hepatocellular carcinoma[END_REF].

In order to increase the accuracy, some markers were used in combination such as CD44+/CD90+, CD133+/ALDH+, CD133+/EPCAM+ and CD133+/CD44+ (Chen et al., 2012b;Ma et al., 2008a;[START_REF] Yang | Significance of CD90+ cancer stem cells in human liver cancer[END_REF][START_REF] Zhu | Cancer stem/progenitor cells are highly enriched in CD133+CD44+ population in hepatocellular carcinoma[END_REF]. This combination of markers demonstrates that CSCs co-expressing two markers are usually more aggressive and more tumorigenic than cells expressing only one marker. But probably due to technical limitations, there is no report investigating the expression of three or more markers and even the combination of two markers seemed to limit the possibilities of biological exploration of CSCs. Therefore, further investigations to clarify the characterization of CSCs are required to refine markers that can be used for their identification.

Among these different extracellular markers, CD133 is by far the most used and CD133+ cells have been subject to numerous investigations to decipher their functions in hepatocellular carcinoma. My work concentrates on this particular CSC sub-population and in the next section I will describe in more detail CD133+ cells in liver cancer.

C.

CD133+ cells as liver CSCs.

CD133 (PROM-1) is a five transmembrane glycoprotein that belongs to the prominin family (Figure 21) [START_REF] Miraglia | A novel five-transmembrane hematopoietic stem cell antigen: isolation, characterization, and molecular cloning[END_REF]. It is encoded by up to 27 exons of the PROM1 gene located on chromosome 4 which are, like for the murine homologue Prominin-1, subject to alternative splicing [START_REF] Maw | A frameshift mutation in prominin (mouse)-like 1 causes human retinal degeneration[END_REF]. At least seven isoforms (s1, s2, s7, s9, s10, s11, and s12) of 825-865 amino acids in length can be generated in that way in humans [START_REF] Fargeas | Nomenclature of prominin-1 (CD133) splice variants -an update[END_REF][START_REF] Yu | AC133-2, a novel isoform of human AC133 stem cell antigen[END_REF]. Its complex gene transcription is controlled in a tissue-specific manner by five alternative promoters, P1-P5, generating at least 16 alternative splicing patterns of the 5'-UTR of CD133 transcripts [START_REF] Shmelkov | Alternative promoters regulate transcription of the gene that encodes stem cell surface protein AC133[END_REF]. In several tissues including kidney, pancreas, colon, and liver, transcription of the PROM1 gene initiates from both P1 and P2 [START_REF] Shmelkov | Alternative promoters regulate transcription of the gene that encodes stem cell surface protein AC133[END_REF]. Although the physiological function of CD133 remains to be elucidated its preferential localization in highly curved plasma membrane protrusions suggests that this protein plays a role as an organizer of the plasma membrane of cellular protrusions [START_REF] Corbeil | Prominin: a story of cholesterol, plasma membrane protrusions and human pathology[END_REF][START_REF] Weigmann | Prominin, a novel microvilli-specific polytopic membrane protein of the apical surface of epithelial cells, is targeted to plasmalemmal protrusions of nonepithelial cells[END_REF]. 

CD133+ cells as representative population of cancer stem cells

CD133 is primarily known as a marker of adult stem cells for hematopoietic stem cells, endothelial progenitor cells, neuronal and kidney stem cells [START_REF] Bussolati | Isolation of renal progenitor cells from adult human kidney[END_REF]Miraglia et al., 1997;[START_REF] Richardson | CD133, a novel marker for human prostatic epithelial stem cells[END_REF][START_REF] Uchida | Direct isolation of human central nervous system stem cells[END_REF][START_REF] Yin | AC133, a novel marker for human hematopoietic stem and progenitor cells[END_REF]. CD133+ cells were then described as cancer cells presenting specific properties, close to stem cells, distinguishing them from the rest of the cancer cell population [START_REF] Suetsugu | Characterization of CD133+ hepatocellular carcinoma cells as cancer stem/progenitor cells[END_REF][START_REF] Yin | CD133 positive hepatocellular carcinoma cells possess high capacity for tumorigenicity[END_REF]. CD133

is nowadays used as a CSC marker in several tumors including brain cancer [START_REF] Singh | Identification of a cancer stem cell in human brain tumors[END_REF], prostate cancer [START_REF] Dalerba | Phenotypic characterization of human colorectal cancer stem cells[END_REF], ependymoma [START_REF] Poppleton | Stem cells of ependymoma[END_REF], colon cancer [START_REF] Chu | Characterization of a subpopulation of colon cancer cells with stem cell-like properties[END_REF], lung cancer [START_REF] Tirino | The role of CD133 in the identification and characterisation of tumour-initiating cells in non-small-cell lung cancer[END_REF], laryngeal cancer [START_REF] Wei | In vivo investigation of CD133 as a putative marker of cancer stem cells in Hep-2 cell line[END_REF], ovarian cancer [START_REF] Baba | Epigenetic regulation of CD133 and tumorigenicity of CD133+ ovarian cancer cells[END_REF] and pancreatic cancer [START_REF] Olempska | Detection of tumor stem cell markers in pancreatic carcinoma cell lines[END_REF].

As described in the previous section, in liver cancer cell lines and in liver cancer samples CD133+ cells were identified as putative liver CSCs through different functional assays. In particular as few as 1000 CD133+ cells from liver cancer were sufficient to induce tumor in NOD/SCID mice, while CD133-do not possess this tumorigenic potential [START_REF] Yin | CD133 positive hepatocellular carcinoma cells possess high capacity for tumorigenicity[END_REF].

In addition the reconstituted tumor presented less than 1% of CD133+ cells, reflecting the original phenotype of the tumor [START_REF] Ma | Identification and characterization of tumorigenic liver cancer stem/progenitor cells[END_REF]. In HCC cell lines, CD133+ cell frequency varies from 0% to 95% (Haraguchi et al., 2010;[START_REF] Kohga | Expression of CD133 confers malignant potential by regulating metalloproteinases in human hepatocellular carcinoma[END_REF]Marquardt et al., 2010). In liver cancer specimens, CD133+ cells were detected in all tissues from small studies and in an average 25% of samples from larger studies. CD133+ cell frequency in HCC tissues is usually quite low and does not exceed 5% [START_REF] Kim | Human hepatocellular carcinomas with "Stemness"-related marker expression: keratin 19 expression and a poor prognosis[END_REF][START_REF] Kohga | Expression of CD133 confers malignant potential by regulating metalloproteinases in human hepatocellular carcinoma[END_REF][START_REF] Ma | Identification and characterization of tumorigenic liver cancer stem/progenitor cells[END_REF]Sasaki et al., 2010;[START_REF] Yin | CD133 positive hepatocellular carcinoma cells possess high capacity for tumorigenicity[END_REF]. Interestingly CD133+ cells were also observed in cirrhotic tissues but not in healthy liver patients [START_REF] Yin | CD133 positive hepatocellular carcinoma cells possess high capacity for tumorigenicity[END_REF].

CD133+ cells display increased capacity for tumorigenesis, self-renewal and sphere formation and the protein CD133 could be not just a marker, but actually contribute to this particular phenotype as suggested in a study by [START_REF] Tang | CD133(+) liver tumor-initiating cells promote tumor angiogenesis, growth, and self-renewal through neurotensin/interleukin-8/CXCL1 signaling[END_REF]. They inactivated CD133 expression through lentiviral based shRNA in PLC8024 HCC cells and observed that inhibition of CD133 expression correlates with a decrease in the ability of sphere formation, self-renewal and tumorigenesis capacities.

CD133+ cell population has been shown to be heterogeneous and can be further sub-divided via co-expression with other CSC markers. In several HCC cell lines, CD44+ cells are all comprised within the CD133+ cell population, but the CD44+/CD133+ cell sub-population is more aggressive and more tumorigenic than the CD44-/CD133+ cell population.

CD133+/CD44+ cells also exhibit higher chemoresistance (due to up-regulation of ABC transporters) and higher stemness gene expression [START_REF] Zhu | Cancer stem/progenitor cells are highly enriched in CD133+CD44+ population in hepatocellular carcinoma[END_REF]. ALDH activity can also discriminate the CD133+ cell population (Ma et al., 2008a). ALDH seems to confer chemoresistance to CD133+ cells and a hierarchical organization for tumorigenicity between the different subpopulations has been established with CD133+/ALDH+> CD133+/ALDH-> CD133-/ALDH-.

Clinical significance of CD133+ cells in HCC

In complement to the observation that CD133+ cells can initiate/promote HCC, CD133+ cells seem to be implicated in angiogenesis and metastasis in HCC. CD133+/CD44+ cells from HCC specimens presented a high association with portal vein metastasis [START_REF] Zhu | Cancer stem/progenitor cells are highly enriched in CD133+CD44+ population in hepatocellular carcinoma[END_REF].

Another CD133+/CD24+ cell subpopulation were defined as a metastatic subpopulation [START_REF] Lee | CD24(+) liver tumorinitiating cells drive self-renewal and tumor initiation through STAT3-mediated NANOG regulation[END_REF] and finally co-staining of CD133 and ALDH activity in HCC samples were localized in the area adjacent to connective tissue and within invaded vessels, suggesting that these cells could be metastatic [START_REF] Lingala | Immunohistochemical staining of cancer stem cell markers in hepatocellular carcinoma[END_REF]. These phenotypic differences within the sub-population involved in angiogenesis indicate that CSCs initiating HCC may not be exactly similar to CSCs involved in metastatic progression (this hypothesis is under discussion for other type of CSCs, Visvader and Lindeman, 2012), but in any cases the phenotype of metastatic CSCs seems to always include CD133 expression.

Taken together these observations strongly insinuate that CD133+ cells not only initiate HCC but also participate in its evolution, and thus could be used as a clinical marker for disease evolution and patient prognosis. [START_REF] Song | Expression and clinical significance of the stem cell marker CD133 in hepatocellular carcinoma[END_REF] were the first to explore the association between CD133 expression and clinical parameters. They described that the presence of CD133+ cells positively correlates with higher pathological grading and with poor prognosis. Several studies further confirmed these correlations: CD133 expression (assessed by qRT-PCR) was associated with advanced disease stage, higher recurrence and worse overall survival [START_REF] Ma | miR-130b Promotes CD133(+) liver tumor-initiating cell growth and self-renewal via tumor protein 53induced nuclear protein 1[END_REF]Sasaki et al., 2010) and in another study CD133 with other stem cell markers such as Nestin, CD44, ABCG2 was identified as a significant predictor for overall survival and relapse-free survival (Yang et al., 2010b). Lastly CD133 expression was correlated with recurrence rate after surgical therapy [START_REF] Zen | Mixed phenotype hepatocellular carcinoma after transarterial chemoembolization and liver transplantation[END_REF]. Although these relations between CD133 expression and HCC evolution provide strong support to use CD133+ cells as predictor/marker for patient outcomes, it should be mentioned that one study conducted by Kim et al, did not observe any correlations between CD133 expression and pathological parameters [START_REF] Kim | Human hepatocellular carcinomas with "Stemness"-related marker expression: keratin 19 expression and a poor prognosis[END_REF].

After the observation that CD133+ liver CSCs are involved in tumorigenesis, self-renewal, chemoresistance, proliferation, metastasis and are linked to the disease evolution, these cells have become a preferred target for the research of new cancer therapy. But in order to properly and efficiently target CD133+ cells in liver cancer, research studies have tried to determine their molecular characterization and the signaling pathways that are sustaining their biological actions.

3.

Molecular characterization and biological functions active in CD133+ cells.

Conforming to their analogy to stem cells, CD133+ liver CSCs display signaling pathways and transcriptional pattern involved in pluripotency. Transcription factors involved in the maintenance of pluripotency such as OCT4 (POU5F1), SOX2, NANOG and BMI-1 has been reported to be higher expressed in CD133+ cells [START_REF] Ma | miR-130b Promotes CD133(+) liver tumor-initiating cell growth and self-renewal via tumor protein 53induced nuclear protein 1[END_REF][START_REF] Machida | Toll-like receptor 4 mediates synergism between alcohol and HCV in hepatic oncogenesis involving stem cell marker Nanog[END_REF][START_REF] Tomuleasa | Isolation and characterization of hepatic cancer cells with stem-like properties from hepatocellular carcinoma[END_REF]. Theses observations did not only concerned HCC cell lines but also in human-sample-derived CD133+ spheres. CD133+ cell's phenotype is tightly linked to the expression of theses stemness genes as any treatment or stimulus that leads to the decrease of CD133+ cells is followed by a decrease in stemness gene expression [START_REF] Chiba | The polycomb gene product BMI1 contributes to the maintenance of tumorinitiating side population cells in hepatocellular carcinoma[END_REF][START_REF] Ma | miR-130b Promotes CD133(+) liver tumor-initiating cell growth and self-renewal via tumor protein 53induced nuclear protein 1[END_REF].As evidence of their active role in the stemness phenotype observed in CD133+ cells, the inhibition of either NANOG or OCT4 results in reduced tumorigenicity and selfrenewal abilities [START_REF] Lee | CD24(+) liver tumorinitiating cells drive self-renewal and tumor initiation through STAT3-mediated NANOG regulation[END_REF][START_REF] Yuan | Expression of Oct4 in HCC and modulation to wnt/ -catenin and TGF-signal pathways[END_REF].

Contributing also to the homeostasis of CD133+ cells, the Wnt/β-catenin, Hedgehog and Notch developmental signaling pathways are activated in this population [START_REF] Ma | Identification and characterization of tumorigenic liver cancer stem/progenitor cells[END_REF]Marquardt et al., 2010). Through genome micro arrays that analyzed the expression pattern of CD133+ cells, several downstream components of theses pathways have been reported to be up-regulated [START_REF] Tang | CD133(+) liver tumor-initiating cells promote tumor angiogenesis, growth, and self-renewal through neurotensin/interleukin-8/CXCL1 signaling[END_REF]. In particular the gene encoding for β-catenin, NOTCH and Smoothened (essential initiator components of respectively, the Wnt, Notch, and Hedgehog signaling pathways) are directly concerned by this transcriptional increase. These pathways are known to be fundamental in embryonic and adult stem cell regulation, and in CSCs could contribute to cell fate decisions (such as EMT initiation), proliferation and apoptosis [START_REF] Takebe | Targeting cancer stem cells by inhibiting Wnt, Notch, and Hedgehog pathways[END_REF]. Interestingly a recent finding reported that the deacetylase HDAC6 can physically interact with CD133 and β-catenin to form a ternary complex that regulates the activation of the Wnt/β-catenin signaling pathway (Mak et al., 2012).The protein CD133 is therefore directly implicated in the activation of this signaling pathway as any downregulation of CD133 leads to the acetylation of β-catenin and its further degradation. In turn, this degradation correlates with decreased proliferation in vitro and tumor xenograft growth in vivo. This exciting discovery not only supports Wnt/β-catenin having a fundamental role in CD133+ CSCs induced tumorigenesis but also that CD133 is not only a marker for liver CSCs but could actively contribute to the specific phenotype of liver CSCs. Genomic microarray comparison between CD133+ and CD133-cells in Huh7 and PLC8024 further identified 149 genes differentially expressed, including several genes from the IL-8/CXCL1 signaling pathway [START_REF] Tang | CD133(+) liver tumor-initiating cells promote tumor angiogenesis, growth, and self-renewal through neurotensin/interleukin-8/CXCL1 signaling[END_REF]. Increased expression of IL-8 in CD133+ cells activates in turn a feedback loop involving the activation of MAPK pathway.

These signals support the proliferation of CD133+ cells and neutralization of IL-8 results in inhibition of CD133+ cell self-renewal, tumorigenesis and angiogenesis. Moreover the inhibition of CD133 protein itself lead to decreased IL-8 production and abolished CSC properties, supporting again the hypothesis that the CD133 protein plays an active role in the liver CSC phenotype. Additional signaling pathways are implicated in CD133+ cell tumorigenesis ability. A correlation between CD133 expression and JNK phosphorylation, for example, can be observed and inhibition of JNK activation highly reduces tumor xenograft assay efficiency [START_REF] Hagiwara | Activation of JNK and high expression level of CD133 predict a poor response to sorafenib in hepatocellular carcinoma[END_REF]. In an opposite manner, inhibition of the mTOR pathway facilitates the growth of HCC by modulating CD133 homeostasis: mTOR inhibition promotes the conversion of CD133-in CD133+ cells and stemness gene expression [START_REF] Yang | Transient mTOR inhibition facilitates continuous growth of liver tumors by modulating the maintenance of CD133+ cell populations[END_REF]. Reactivation of mTOR signaling is at the opposite followed by CD133 expression decrease.

Increased proliferation capacity of CD133+ cells, also derived from their higher chemoresistance and their ability to expulse from the cytoplasm any drugs and xenobiotic substances in opposition to their counterpart CD133-cells.

The ABC transporter family members are involved in the transport across external and internal membranes of, among others, metabolites and drugs [START_REF] Kerr | The ABCG family of membrane-associated transporters: you don't have to be big to be mighty[END_REF]. A higher level of ABCG2 and ABCB1 mRNA has been found in CD133+ cells [START_REF] Ma | miR-130b Promotes CD133(+) liver tumor-initiating cell growth and self-renewal via tumor protein 53induced nuclear protein 1[END_REF] and immunostaining revealed a co-expression of ABCB5 with CD133 and EpCAM [START_REF] Cheung | Granulin-epithelin precursor and ATP-dependent binding cassette (ABC)B5 regulate liver cancer cell chemoresistance[END_REF]. The importance of ABCB5 transporter has been illustrated by the observation that its inhibition further blocked the expression of CD133 and EpCAM proteins and that ABCB5 expression has been correlated with a higher recurrence rate in patients who had undergone curative partial hepatectomy. CD133+ cells resistance to drugs like doxorubicin and 5fluoracil has also been demonstrated and the AKT/PKB pathway and BCL-2 signaling pathway would be involved in this chemoresistance process (Ma et al., 2008b). This hypothesis is supported by two observations: first under drug treatment, BCL-2 and phospho-AKT co-localized with CD133 and second, the administration of AKT inhibitor reduced the expression of survival related proteins. This interaction plays an important role in homeostasis and chemoresistance of CSCs.

In addition to drug chemoresistance, CD133+ cells also exhibit a more efficient resistance to irradiation: after exposition, CD133+ cells display an activation of the MAPK/PI3K signaling pathway, a reduction of ROS production, a greater post-radiation proliferation and a lower radiation induced apoptosis [START_REF] Piao | CD133+ liver cancer stem cells modulate radioresistance in human hepatocellular carcinoma[END_REF]. Theses mechanisms could contribute to radioresistance employed during therapy and remaining CD133+ CSCs may be further reactivated and initiate a relapse of the disease. As for the Wnt-β catenin pathway, CD133 can directly interact with PI3K regulating subunit (through phosphorylation on its tyrosine 828) and therefore directly modulate the activation of this pathway [START_REF] Wei | Activation of PI3K/Akt pathway by CD133-p85 interaction promotes tumorigenic capacity of glioma stem cells[END_REF].

Finally several studies bring to light molecular mechanisms involved in CSC mediated EMT and metastasis. In Huh7 cells, metalloproteinase MMP-2 and ADAM9 are found up regulated in CD133+ compared to CD133-cells [START_REF] Kohga | Expression of CD133 confers malignant potential by regulating metalloproteinases in human hepatocellular carcinoma[END_REF]. Metalloproteinases facilitate cellular invasion and metastasis and their activation in CD133+ cells was confirmed in PLC/PRF/5 HCC cell lines where the knockdown of CD133 results in a decrease in MMP-2 and ADAM9 expression. A proteomic comparison between CD133+ and CD133-cells revealed one single higher expressed protein in CD133+ cells, the transgelin, a cytoskeleton associated protein involved in TGF-β/SMAD3 associated migration (Lee et al., 2010a).

SiRNA directed against transgelin results in invasiveness capacity diminution. In addition, expression of proteins involved in EMT process is deregulated in CD133+ Huh7 cells: E-Cadherin is down-regulated while Vimentin, SLUG, SNAIL, TWIST (active contributor to EMT) and CXCR4 (contributor to cell migration) are strongly up-regulated (Lee et al., 2010a;[START_REF] Na | Invasion and EMT-associated genes are up-regulated in B viral hepatocellular carcinoma with high expression of CD133-human and cell culture study[END_REF][START_REF] Tsai | Label-free quantitative proteomics of CD133-positive liver cancer stem cells[END_REF]. This expression pattern has not been completed with functional assays, but it suggests that CD133+ cells will be more sensible to EMT initiation than CD133-cells.

Taken together, these molecular mechanisms (summarized in Figure 22) are important elements to understand the complexity of CD133+ cell biology. They represent promising targets for further CSC-based cancer therapies. CD133+ cell's phenotype is thus represented by a specific panel of gene expression that must be itself supported by specific genomic and epigenomic profile and may be regulated by the tumor microenvironment. Molecular characteristics can be grouped into four major biological processes (proliferation, pluripotency, tumorigenesis and chemoresistance) and it should be noted that signaling pathways are usually involved in more than one specific processes.

D.

Influence of the microenvironment on CSCs 1.

Cancer niches support and maintain CSC activation

When a tumor develops within a tissue, differentiated cells are not the only component of the tissue to be affected by tumoral transformation. Cancer affect the entire environment and induces structural and functional modifications in the extracellular matrix, the fibroblasts, the vascularization architecture, and cancer-associated inflammation will mobilize immune cells and initiate the liberation in the microenvironment of a panel of various cytokines and growth factors that in turn will influence the structures and functions of all the components, including CSCs. 120 years ago Paget proposed a "seed and soil" hypothesis for metastasis. In a modern context, this hypothesis can be actualized where CSCs represent the seed and the tumor microenvironment the soil, and the interaction between them will promote cancer initiation and development [START_REF] Korkaya | Regulation of cancer stem cells by cytokine networks: attacking cancer's inflammatory roots[END_REF]. We previously described how inflammation and carcinogenesis are associated with, for example, oxidative stress generated by ROS that can in turn influence cellular transformation and promote tumorigenesis. In a same manner ROS can influence the initiation of CSCs, or transform pre-existing CSCs and render them more aggressive [START_REF] Bao | Targeting CSCs in Tumor Microenvironment: The Potential Role of ROS-Associated miRNAs in Tumor Aggressiveness[END_REF][START_REF] Pelicci | The other face of ROS: a driver of stem cell expansion in colorectal cancer[END_REF]. ROS accumulation can also exert a selective pressure on CSCs that often harbor increased detoxification capacity and thus contribute to maintaining a pool of resistant cells [START_REF] Diehn | Association of Reactive Oxygen Species Levels and Radioresistance in Cancer Stem Cells[END_REF]. The tumor formation is usually accompanied by a tissue architectural destructuration, with subsequent tissue anemia and hypoxia. In the bone marrow, hypoxic niches and HIF-1α play critical roles in the regulation of normal hematopoietic stem cells [START_REF] Nombela-Arrieta | Quantitative imaging of haematopoietic stem and progenitor cell localization and hypoxic status in the bone marrow microenvironment[END_REF][START_REF] Takubo | Regulation of the HIF-1alpha level is essential for hematopoietic stem cells[END_REF], and in cancer activation of HIF-1α in CSCs niche maintains an undifferentiated phenotype and self-renewal [START_REF] Bar | Hypoxia increases the expression of stemcell markers and promotes clonogenicity in glioblastoma neurospheres[END_REF][START_REF] Li | Hypoxia and hypoxia inducible factors in cancer stem cell maintenance[END_REF]Wang et al., 2011a;Zhang et al., 2012a). The mechanisms of these processes involve ESC-like programming with the activation of genes such as NANOG, OCT4, SOX2 and KLF4 [START_REF] Iida | Hypoxia induces CD133 expression in human lung cancer cells by up-regulation of OCT3/4 and SOX2[END_REF][START_REF] Mathieu | HIF induces human embryonic stem cell markers in cancer cells[END_REF]. On the other hand, in order to satisfy nutriment and oxygen needs, a second type of niche, perivascular, has been described. The CSCs can be localized in proximity to blood vessels and an angiogenesis process can support the formation and maintenance of CSC populations. For example, Brain CSC expressing nestin and CD133 are found closed to capillaries [START_REF] Calabrese | A perivascular niche for brain tumor stem cells[END_REF] and in glioblastoma the perivascular niche promotes glioma cell conversion to a more stem-like state through endothelia-derived nitric oxide-dependent induction of glioma cell Notch signaling. In summary [START_REF] Charles | Perivascular nitric oxide activates notch signaling and promotes stem-like character in PDGFinduced glioma cells[END_REF], there is not one consensus for CSC supporting microenvironment and this is partly due to the fact that each CSCs differs for each tumor type. But it is manifest that tumor microenvironment have an effect (inductive or selective) on CSCs and this will have to be taken into consideration for future development of therapeutic strategies targeted against CSCs.

2.

Tumor microenvironment soluble factors influencing CSCs.

CSC niches or microenvironments provide a physical anchor and can control stem cell fate through paracrin signals. Soluble factors can thus be secreted by tumor-associated fibroblasts, tumor-associated immune cells and (neo)capillaries [START_REF] Castaño | The bed and the bugs: interactions between the tumor microenvironment and cancer stem cells[END_REF]. I will describe hereafter some selected examples of molecules secreted in the tumor microenvironment and their effect on CSCs.

PDGF can be secreted by endothelial cells or tumor-associated fibroblasts and stimulate various cellular functions, including growth, proliferation, and differentiation [START_REF] Gialeli | PDGF/PDGFR Signaling and Targeting in Cancer Growth and Progression: Focus on Tumor Microenvironment and Cancer-Associated Fibroblasts[END_REF]. It was notably demonstrated that PDGF is involved in the expansion of breast CSCs [START_REF] Devarajan | Epithelial-mesenchymal transition in breast cancer lines is mediated through PDGF-D released by tissue-resident stem cells[END_REF]. FGF secreted by activated stroma, can induce EMT and is implied in maintenance of pluripotent cells [START_REF] Billottet | Modulation of several waves of gene expression during FGF-1 induced epithelial-mesenchymal transition of carcinoma cells[END_REF]. Preliminary in vitro studies suggest that FGF could contribute to self-renewal of lung stem cells and homeostasis of breast CSCs [START_REF] Fillmore | Estrogen expands breast cancer stem-like cells through paracrine FGF/Tbx3 signaling[END_REF][START_REF] Mcqualter | Evidence of an epithelial stem/progenitor cell hierarchy in the adult mouse lung[END_REF]). As a last example, tumor-associated macrophages secrete high quantities of EGF which induces the EMT program in several epithelial cell lines in vitro and, like FGF, enriches for stem/progenitor cell self-renewal [START_REF] Condeelis | Macrophages: obligate partners for tumor cell migration, invasion, and metastasis[END_REF][START_REF] Ding | Endothelial-derived angiocrine signals induce and sustain regenerative lung alveolarization[END_REF][START_REF] Vincent-Salomon | Host microenvironment in breast cancer development: epithelialmesenchymal transition in breast cancer development[END_REF].

In addition tumor cell stemness is influenced by microenvironmental inflammation.

Cytokines secreted in the environment in order to promote tissue repair and regeneration will activate pathways such as Wnt, Hedgehog and Notch, which are important pathways supporting CSCs [START_REF] Tanno | Development and maintenance of cancer stem cells under chronic inflammation[END_REF].Thus continuous signaling may lead to aberrant stem cell activation and/or to dysregulation of self-renewal mechanisms and will promote the initiation and maintenance of CSCs. IL-6 in particular has been shown to trigger the conversion of non-CSCs into CSCs in breast cancer via a positive feedback loop involving NF-κB (Iliopoulos et al., 2009). IL-6 can activate the Akt, STAT3 and NF-κB pathways that can lead to transcriptional activation of pluripotency factors such as OCT4 [START_REF] Kim | Role of the IL-6-JAK1-STAT3-Oct-4 pathway in the conversion of non-stem cancer cells into cancer stem-like cells[END_REF][START_REF] Korkaya | Regulation of cancer stem cells by cytokine networks: attacking cancer's inflammatory roots[END_REF]. In addition IL-6 can also promote self-renewal, hypoxia resistance and invasiveness, which are classical CSC properties [START_REF] Dethlefsen | The role of intratumoral and systemic IL-6 in breast cancer[END_REF][START_REF] Qiu | Interleukin-6 is overexpressed and augments invasiveness of human glioma stem cells in vitro[END_REF][START_REF] Terui | Stat3 confers resistance against hypoxia/reoxygenation-induced oxidative injury in hepatocytes through upregulation of Mn-SOD[END_REF][START_REF] Wang | Interleukin-6 signaling regulates anchorage-independent growth, proliferation, adhesion and invasion in human ovarian cancer cells[END_REF]. Nevertheless, research on IL-6 contribution to CSCs have been mainly conducted in breast CSCs, where IL-6 is clearly determinant for the initiation and homeostasis of this population and its functions in other CSC populations remain to be elucidated.

The second important cytokine that has focused research interest for CSC promotion is TGFβ. The first data provided by this research indicate that the influence of TGF-β on tumorigenesis and CSCs is likely to be complex and to depend on the tissue and carcinogenesis stage. For example, TGF-β may regulate chronic myelogenous leukemia (CML) stem cells by regulating the activity of Akt signaling [START_REF] Miyazono | Tumour promoting functions of TGF-b in CML-initiating cells[END_REF]. In addition to CML, TGF-β has been implicated in CSC maintenance/induction for glioblastoma [START_REF] Peñuelas | TGF-beta increases glioma-initiating cell self-renewal through the induction of LIF in human glioblastoma[END_REF], breast (Mani et al., 2008a), lung [START_REF] Pirozzi | Epithelial to mesenchymal transition by TGFb-1 induction increases stemness characteristics in primary non small cell lung cancer cell line[END_REF] and liver cancers (You et al., 2010a). TGF-β's effects are mostly described in glioblastoma initiating cells (GIC) represented by CD133 expression. Although TGF-β did not induce any change in the clonogenicity of GIC, inhibition of TGF-β leads to the reduction of the number of spheres formed and a decrease in CD133+ population [START_REF] Ikushima | Autocrine TGF-b Signaling Maintains Tumorigenicity of Glioma-Initiating Cells through Sry-Related HMG-Box Factors[END_REF]. Preliminary analyses of the mechanisms involved, indicate that TGF-β signaling would lead to the transcription of stemness factors like LIF, SOX2 and SOX4 [START_REF] Ikushima | Autocrine TGF-b Signaling Maintains Tumorigenicity of Glioma-Initiating Cells through Sry-Related HMG-Box Factors[END_REF][START_REF] Peñuelas | TGF-beta increases glioma-initiating cell self-renewal through the induction of LIF in human glioblastoma[END_REF]. In liver cancer, TGF-β treatment can induce the expression of CD133 (through epigenetic regulation) (You et al., 2010a) and promote specific apoptosis resistance in CD133+ cells through activation of the p38/MAPK pathway (Ding et al., 2009). Moreover TGF-β contribution to CSC phenotype is essentially admitted through its role in EMT initiation.

Indeed breast cancer cells that underwent EMT acquired stem cell markers [START_REF] Blick | Epithelial mesenchymal transition traits in human breast cancer cell lines parallel the CD44(hi/)CD24 (lo/-) stem cell phenotype in human breast cancer[END_REF] and it is now recognized that cells undergoing EMT acquire stem cell phenotype (Katsuno et al., 2013;Mani et al., 2008a) and that activation of EMT factors can be associated to stemness factors [START_REF] Eastham | Epithelialmesenchymal transition events during human embryonic stem cell differentiation[END_REF] TGF-β could thus participate to the induction of new metastatic CSCs during tumor evolution via EMT initiation (Zhou et al., 2012b).

Finally like inflammation and cancer inter-connections, CSCs can in turn respond to microenvironment stimuli and secrete several factors that will influence its composition and functions (mainly to serve their own survival and support the tumor development) (Figure 23). Results from a recent study demonstrated that secretion of TGF-β2/TGF-β3 from breast cancer cells that disseminated to the lung served to induce stromal fibroblast expression of periostatin (POSTN), a component of the extracellular matrix. In turn, microenvironmentderived POSTN induced recruitment of Wnt ligands, thereby increasing Wnt signaling in CSCs [START_REF] Malanchi | Interactions between cancer stem cells and their niche govern metastatic colonization[END_REF]. In another example, it was demonstrated that skin CSCs secreted VEGF, which operated in an autocrine fashion to expand the CSC pool, and in a paracrine manner to promote angiogenesis within the microenvironment [START_REF] Beck | A vascular niche and a VEGF-Nrp1 loop regulate the initiation and stemness of skin tumours[END_REF].

In addition, VEGF can be also secreted in glioblatoma by CSCs to support the development of local vascularization [START_REF] Gilbertson | Making a tumour's bed: glioblastoma stem cells and the vascular niche[END_REF].

The complexities of theses interactions between CSCs and their microenvironment are far from being resolved but preliminary research clearly indicates that these two entities evolve together and influence each other in order to support tumor growth. 

3.

Influence of the microenvironment on liver progenitor cell transformation.

Comprehending CSCs involves understanding not only their endogenic properties and their interaction with the tumor microenvironment but also their cellular origin. The presence within a tumor of progenitor cells raises two hypotheses: either the cell of origin is a progenitor cell (maturation arrest theory) or, alternatively, tumor dedifferentiates and acquire progenitor cell features during carcinogenesis (dedifferentiation theory) [START_REF] Sell | On the stem cell origin of cancer[END_REF].

Animal models have shown that differentiated hepatocytes can be involved in HCC initiation [START_REF] Roskams | Liver stem cells and their implication in hepatocellular and cholangiocarcinoma[END_REF], and the observation of inter-conversion between non-CSCs and CSCs (Chaffer et al., 2013;[START_REF] Yang | Dynamic equilibrium between cancer stem cells and non-stem cancer cells in human SW620 and MCF-7 cancer cell populations[END_REF] suggests that an original transformed cell can further acquired stemness properties (through extracellular signals mentioned earlier, for example). On the other hand, the presence of stem cell markers, activation of notable pathways involved in homeostasis of embryonic and adult stem cells, and the correlation between liver progenitor cells and with liver injury severity and HCC risk, strongly support the "maturation arrest theory". Stem/progenitors cells are believed to be more flexible to cell fate decisions, and thus to be more susceptible to any extracellular signals that could interfere with their normal activation and differentiation (Hernandez-Vargas et al., 2009).

When hepatic progenitor cells (HPCs) are requisitioned to compensate hepatocyte-driven regeneration failure, they are exposed to the inflammatory microenvironment. They can indeed, like hepatocytes be subject to ROS-induced DNA damage, genetic and epigenetic mutations promoting their transformations [START_REF] Alison | Liver stem cells: implications for hepatocarcinogenesis[END_REF]. They also express extracellular ligands for cytokines and growth factors. The continuous exposition of HPC to these stimuli could deregulate the control of pathways involved in proliferation, self-renewal and cell fate decision like Wnt-β catenin/hedgehog and Notch and enhance their transformation in CSCs (Kitisin et al., 2007;[START_REF] Sun | Inflammation and liver tumorigenesis[END_REF]. This hypothesis is however still under discussion, especially with the description of contrasting observations concerning the effect of extracellular signalings on HPCs. In particular, interactions between TGF-β and HPCs seem to be determinant for regulating the balance between their normal activation and their deregulation. TGF-β loss of signal results in the expansion of HPCs in mice [START_REF] Thenappan | Role of transforming growth factor beta signaling and expansion of progenitor cells in regenerating liver[END_REF]. Contrastingly, HPCs in regenerative liver harboured the stemness factor Oct4, Nanog, STAT3 together with the receptor TGFBRII, but further examination of stem cells in HCC revealed a lost of TGFBRII expression together with the activation of the IL-6 pathway (Tang et al., 2008b). These data suggest that impaired TGF-β signaling (with additional proliferative signal such as IL-6) can promote the activation and transformation of HPCs into liver CSCs. Joining the controversy for TGF-β effects during hepatocarcinogenesis, it is likely that depending on the inflammatory context (viral, alcoholic, cirrhotic), TGF-β's effects on HPCs differ. Moreover the idea that TGF-β slows down the activation and transformation of HPCs is not incompatible with the observation that later on, after evolution of the disease and its microenvironment, TGF-β could support the growth of liver CSCs.

In the previous sections, we described how hepatocellular carcinoma and more precisely liver CSCs are sustained through the activation of specific pathways (like developmental pathways and signaling pathways sustaining secretion of cytokine) promoting tumor growth. Activation of these pathways relies not only on protein phosphorylation but also implies a reprogramming in gene expression. As suggested before, phenotypical changes observed during hepatocarcinogenesis depend on profound genomic and epigenomic modifications (Feo et al., 2009;[START_REF] Herath | Review of genetic and epigenetic alterations in hepatocarcinogenesis[END_REF]. Notably, in HCC, genetic alterations are not predominant and alone cannot explain all the alterations observed in cancer cell fate decisions. Epigenetic mechanisms, such as DNA methylation, are thus believed to assume an important role in HCC and cancer stem cell establishment [START_REF] Sceusi | Clinical implications of DNA methylation in hepatocellular carcinoma[END_REF].

V. DNA methylation in Hepatocellular carcinoma

A.

Introduction to epigenetic mechanisms

The term "epigenetic" refers to all stable and heritable changes of phenotype that occur without generating alterations in the DNA nucleotide sequence [START_REF] Baylin | DNA methylation and gene silencing in cancer[END_REF]Feinberg et al., 2006;[START_REF] Rountree | DNA methylation, chromatin inheritance, and cancer[END_REF]. This term was first proposed in 1942 by Conrad Waddington to define the causal interactions between genes and their products that explain the phenotypic expression (Waddington 1942).

While every cell in the human body share the same DNA sequence, each acquires specific features allowing the formation of distinct organs and to accomplish 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. Epigenetic information relies on three distinct mechanisms: DNA methylation, histone modifications, and non-coding RNA (Figure 24). Changes in these informations allow stable transmission of gene activity states through cell divisions. Alteration of epigenetic mechanisms may therefore contribute to tumor intiation by disrupting gene expression. Indeed, epigenetic mechanisms are now recognized to play a fundamental role in the regulation of important 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] Herceg | Epigenetic mechanisms and cancer: an interface between the environment and the genome[END_REF][START_REF] Sawan | Epigenetic drivers and genetic passengers on the road to cancer[END_REF]. While DNA sequences encode the primary information within the genome, epigenetic modifications offer robust and dynamic possibilities for regulation of the genetic information and for integration of external signals. Human cancer has usually been considered as a genetic disease, but recent evidences have illustrated the important role of epigenetic deregulations in most, if not all, human malignancies; making the concept of tumor development even more complex The possible interaction between epigenetic mechanisms and environmental signals as part of the cellular adaptation response have raise high interest. [START_REF] Herceg | Epigenetic mechanisms and cancer: an interface between the environment and the genome[END_REF] and indeed epigenetic mechanisms appear to play a key role in the interaction between environmental factors and the genome [START_REF] Herceg | Epigenetics and cancer: towards an evaluation of the impact of environmental and dietary factors[END_REF][START_REF] Jaenisch | Epigenetic regulation of gene expression: how the genome integrates intrinsic and environmental signals[END_REF][START_REF] Shen | DNA methylation and environmental exposures in human hepatocellular carcinoma[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 [START_REF] Herceg | Towards incorporating epigenetic mechanisms into carcinogen identification and evaluation[END_REF]. [START_REF] Sawan | Epigenetic drivers and genetic passengers on the road to cancer[END_REF] Nucleosomes are the building blocks of chromatin and they represent two turns of genomic DNA (147 base pairs) wrapped around an octamer of two subunits of each of the core histones H2A, H2B, H3, and H4. The amino-terminal portion of the core histone proteins contains a flexible and highly basic tail region, which is conserved across various species and is subject to various post-translational modifications. Histone tails constitute one of the major site for epigenetic regulation of fundamental processes [START_REF] Herceg | Genetic and epigenetic alterations as biomarkers for cancer detection, diagnosis and prognosis[END_REF]. More than 60 different residues on histones have been described. There are, to date, at least eight different types of histone modification: acetylation, methylation, phosphorylation, ubiquitination, sumoylation, ADP ribosylation, deimination, and proline isomerization [START_REF] Kouzarides | SnapShot: Histone-modifying enzymes[END_REF]. Traditionally, two mechanisms are thought to control the function of these modifications. First, these different marks could affect the nucleosome-nucleosome or DNA-nucleosome physical interactions. Second, different marks could represent a binding site for the recruitment of specific proteins involved in gene transcription regulation or in genome spatial organization. Additionally, several reports raise the possibility that all of these modifications are combinatorial and interdependent and therefore may form the "histone code", meaning that combination of different modifications may result in distinct and consistent cellular outcomes [START_REF] Lee | The language of histone crosstalk[END_REF][START_REF] Rando | Combinatorial complexity in chromatin structure and function: revisiting the histone code[END_REF]. [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] Grønbaek | Epigenetic changes in cancer[END_REF][START_REF] Jin | DNA methyltransferases, DNA damage repair, and cancer[END_REF][START_REF] Seisenberger | Conceptual links between DNA methylation reprogramming in the early embryo and primordial germ cells[END_REF] and their frequent association with human diseases [START_REF] Zardo | Dynamic and reversibility of heterochromatic gene silencing in human disease[END_REF] As my work focused on this precise epigenetic mechanism, separate sections will be dedicated to it.

B.

DNA methylation 1.

CpG sites are methylated by DNMTs DNA methylation is a chemical modification that results from the transfer of a methyl group from a methyl donor substrate (S-adenosyl-L-methionine, SAM) that affects mainly 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 25).

DNA methylation occurring on non-CpG configuration, such as CpNpG or CpA and CpT sequences, has also been described in the eukaryotic genome [START_REF] Clark | CpNpG methylation in mammalian cells[END_REF], especially in mouse embryonic stem cells [START_REF] Lister | Human DNA methylomes at base resolution show widespread epigenomic differences[END_REF][START_REF] Ramsahoye | Non-CpG methylation is prevalent in embryonic stem cells and may be mediated by DNA methyltransferase 3a[END_REF], although the role of non CpG methylation is still not clear. The addition of a methyl group on a cytokine is catalysed by the enzymes belonging to the DNA methyltransferases (DNMTs) family. Five members of the DNMT family have been identified in mammals: DNMT1, DNMT2, DNMT3A, DNMT3B and DNMT3L (Figure 26).

However, as far as we know, only DNMT1, DNMT3A and DNMT3B have been implied in the establishment of the global cytosine methylation pattern [START_REF] Cheng | Mammalian DNA methyltransferases: a structural perspective[END_REF].

These independently encoded proteins are classified as de novo enzymes (DNMT3A and DNMT3B) or as maintenance enzymes (DNMT1), as detailed below. 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]. DNMT1 appears to be involved in restoring the parental DNA methylation pattern in the newly synthesized DNA daughter strand, thereby ensuring the methylation status of CpG islands through multiple cell generations. DNMT1 exhibits a preference for hemimethylated substrates and it possesses a domain targeting replication foci. It was recently discovered that DNMT1 was guided to replication forks through the protein UHFR1 that would initially recognize the hemimethylated site and further recruit the enzyme [START_REF] Bostick | UHRF1 plays a role in maintaining DNA methylation in mammalian cells[END_REF].

Confirming the important role of DNMT1 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 stage or those just 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]. Besides, DNMT3B appears to be involved in DNA methylation of particular regions of the genome, as it has been shown by the studies of the Immunodeficiency, Centromere instability and Facial abnormalities (ICF) syndrome, a disease caused by genetic 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]. Finally it should be mentioned that the barrier between de novo and maintenance methylation is not impassable and that inter-conversion of activities between DNMT1 and the DNMT3 families has already been described [START_REF] Egger | Identification of DNMT1 (DNA methyltransferase 1) hypomorphs in somatic knockouts suggests an essential role for DNMT1 in cell survival[END_REF][START_REF] Riggs | Methylation and epigenetic fidelity[END_REF]).

Demethylation processes

Understanding how these patterns of 5-methylcytosine are established and maintained requires the elucidating of mechanisms for both DNA methylation and demethylation. DNA demethylation can be achieved passively, through 3 mechanisms: the limited availability of the donor SAM, the compromised integrity of DNA and the altered expression and/or activity of DNMT1 [START_REF] Pogribny | Role of epigenetic aberrations in the development and progression of human hepatocellular carcinoma[END_REF]. All theses mechanisms have for consequence, the non-maintenance of methylation profile through cell divisions and the progressive loss of DNA methylation marks. However, considerable evidences support the existence of genome-wide active demethylation in zygotes [START_REF] Hajkova | Epigenetic reprogramming in mouse primordial germ cells[END_REF][START_REF] Mayer | Demethylation of the zygotic paternal genome[END_REF][START_REF] Morgan | Epigenetic reprogramming in mammals[END_REF][START_REF] Oswald | Active demethylation of the paternal genome in the mouse zygote[END_REF] and primary germ cells (Pugs) [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]). Yet, the mechanism(s) of active demethylation are still currently elucidated. 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 27), The recent discovery of a new modified base, 5-hydroxymethylcytosine (5hmC), now considered as the 6th base of the mammalian DNA [START_REF] Münzel | 5-Hydroxymethylcytosine, the sixth base of the genome[END_REF], is likely to play an important role in active

demethylation process and open new area of research.

Recently, it has been shown that mouse and human Tet family (Figure 28) proteins can catalyze conversion of 5mC to 5hmC [START_REF] Ito | Role of Tet proteins in 5mC to 5hmC conversion, ES-cell self-renewal and inner cell mass specification[END_REF]. 5hmC might be repaired by a BER process, although, so far, no 5hmC DNA glycosylases have been identified. Interestingly, two new studies identified new intermediates that can be used as substrate for the demethylation process. Indeed, it has been demonstrated that the Tet family of proteins have the capacity to convert 5mC not only to 5hmC, but also to 5formylcytosine (5fC) and 5-carboxylcytosine (5caC) in vitro and in cultured cells in an enzymatic activity-dependent manner (He et al., 2011). Furthemore, 5hmC can also be oxidized into 5caC, 5fC and 5caC are specifically recognized and excised by TDG, followed by BER (He et al., 2011;Zhang et al., 2012b). Additional processes could include enzymatic activity of DNMT3A/B themselves as an in vitro study described that they can present a dehydroxymethylation activity (Chen et al., 2012a). DNMT3B activity in particular would be regulated though the redox balance, with reducing conditions favouring methylation activity and oxidizing conditions favouring dehydroxymethylation activity. Figure 27 summarizes all the possible mechanisms of active demethylation. 

Methylation regulates transcription and genome organisation.

A prerequisite for understanding the function of DNA methylation is knowledge of its distribution in the genome. 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]. Regions comprised between CpG islands and CpG "open seas" present a progressive decrease of CpG numbers and are called "shelf" and "shore" regions (Figure 29) [START_REF] Shen | Interplay between the cancer genome and epigenome[END_REF]. According to calculations 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 28,000 CpG islands are spread within the human genome and among them 20,000 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 region (e.g., tissue-specific or developmental genes). Therefore, the presence of DNA methylation should be tightly controlled in the cell in order to maintain the balance between silencing of repetitive elements and expression of fundamental cellular genes [START_REF] Lange | Combinatorial assembly and function of chromatin regulatory complexes[END_REF]. It should be specified that DNA methylation works in parallel with other regulatory mechanism. In consequence an unmethylated sequence within a gene promoter can constitute a permissive state for transcription but this transcription can be blocked through other regulatory mechanisms (including histone modifications and transcription factor availability). The correlation between DNA methylation and gene expression is thus not completely linear [START_REF] Cooper | Regulation of Transcription in Eukaryotes[END_REF].

The genome of higher eukaryotes contains a different types of repetitive sequences (such as Alu, LINEs, and SINEs). A stable inhibition of retrotransposons is necessary to insure the 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, 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]. How DNA methylation contributes to the inhibition of expression still remains unclear and various hypotheses have been proposed. Firstly, for some transcription factors, e.g. AP-2, C-MYC, CREB/ATF, E2F and NF-κB, DNA methylation could create a physical barrier, preventing access to promoter binding sites [START_REF] Zingg | Genetic and epigenetic aspects of DNA methylation on genome expression[END_REF]. This might be true, but only for a subset of transcription factors. Another model of gene inactivation mediated by DNA methylation is related to DNA methylation "readers" such as methyl-CpG binding domain proteins (MBDs) (Figure 29). In general, DNA methylation is not considered to be sufficient to completely establish the inactive chromatin state. It is more thought to be an initial step, that will be followed by MBD recruitment that, in turn, will interact with histone deacetylases known as epigenetic enzymes linked to repression. The chromatin can thus be compacted and gene silencing is achieved. Nevertheless, MBDs are not the only class of proteins capable of acting as HDAC-dependent transcriptional repressors by association with methylated DNA sequences. The Kaiso-like family of proteins also "reads" methylated DNA by zinc finger motifs and has been reported to be involved in gene silencing [START_REF] Filion | A family of human zinc finger proteins that bind methylated DNA and repress transcription[END_REF][START_REF] Prokhortchouk | The p120 catenin partner Kaiso is a DNA methylation-dependent transcriptional repressor[END_REF]. Unlike MBDs, Kaisos also recognize unmethylated sequences. Recently, different studies identified a key role of polycomb group proteins (PcG) in establishing the DNA methylation pattern. It has been suggested that DNMT1 and DNMT3B interact in a specific manner with PcG complexes to establish DNA methylation in combination with histone marks [START_REF] Hernández-Muñoz | 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][START_REF] Viré | The Polycomb group protein EZH2 directly controls DNA methylation[END_REF]. For example, it was supposed that target genes are first subjected to H3K27 methylation and then are marked with de novo DNA methylation [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, these findings add a novel layer of complexity to epigenetic gene silencing. In summary, the above explanation of DNA methylation-mediated gene silencing clearly illustrates how all epigenetic components interact in a complex manner to regulate gene expression.

C. [START_REF] Shen | Interplay between the cancer genome and epigenome[END_REF]. Interestingly, both hypo-and hypermethylation events can be observed in cancer (Figure 30). 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 as 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 has been reported to be inactivated by a DNA methylation mechanism during tumorigenesis that mainly acts as tumor suppressors in normal tissues. Aberrant DNA hypermethylation of CpG islands 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].

Figure 30. Aberrant DNA methylation changes during carcinogenesis

Cancer development is mainly characterized by hypermethylation of tumor suppressor genes and hypomethylation of oncogenes. (Herceg, unpublished) In this manner, several studies have shown that aberrant DNA methylation can promote carcinogenesis, including HCC [START_REF] Pogribny | Role of epigenetic aberrations in the development and progression of human hepatocellular carcinoma[END_REF][START_REF] De Zhu | The altered DNA methylation pattern and its implications in liver cancer[END_REF]. Comparing tissues from patients with paired-non-cancer liver tissues, the level of genome-wide-5methylcytosine was significantly reduced in tumorigenic tissues. One of the first epigenetic changes detected in HCC was aberrant genome-wide hypomethylation (Lin et al., 2001).

Indeed, LINE-1 (Long interspersed nuclear element 1) methylation has been shown to be reduced in HCC tumors compared with non cancerous tissues (Lee et al., 2009;Lin et al., 2001). Later, the levels of serum LINE-1 hypomethylation at initial presentation have been shown to correlate significantly with large tumor sizes, advanced tumor stages as well as HBsAg expression (Tangkijvanich et al., 2007), suggesting that LINE-1 methylation may be a good prognostic marker. This observation has been confirmed by several other studies (Gao et al., 2013a;[START_REF] Shitani | Genome-wide analysis of DNA methylation identifies novel cancer-related genes in hepatocellular carcinoma[END_REF]. The development of microarray plateforms allowing genome wide analyses for DNA methylation permitted the description of global DNA methylation pattern in HCC. Both hyper-and hypomethylation marks are found (compared to healthy tissue), but hypomethylation marks are always predominant (representing at least 60% of the differentially methylated sites) [START_REF] Shen | Genome-wide DNA methylation profiles in hepatocellular carcinoma[END_REF][START_REF] Song | Elucidating the landscape of aberrant DNA methylation in hepatocellular carcinoma[END_REF]Stefanska et al., 2013a). A recent study performed by Sheng et al. ( 2013) interrogated more than 450,000 CpG sites within the human genome between HCC and non tumors samples. They found that 10,000 sites presented a difference higher that 30% for DNA methylation. Hypomethylated sites represented 78% of the differentially methylated sites and were comprised mostly in "open sea" regions (60%), whereas hypermethylated sites were mostly comprised within CpG islands (60%). This regional distinction between hypo-and hypermethylation is likely to reflect a difference in DNA methylation function.

In parallel to this genome wild alteration, regional DNA methylation alterations has been reported. Hypermethylation have been detected in particular in CpG islands of tumor suppressor genes (TSGs) (Hamilton, 2010;Huang, 2009;[START_REF] Mao | Metallothionein MT1M is a tumor suppressor of human hepatocellular carcinomas[END_REF]Nishida et al., 2012a;Wu et al., 2012). Theses hypermethylated CpG islands result most of the time in gene inactivation. Genes affected are involved in cell proliferation inhibition (p16INK4A, p21, p27, RASSF1A, SOCS1-3, RIZ1, sFRP1), cell cycle (CDKN2A, APC) in apoptosis (CASP8, XAF-1, ASPP1, ASPP2), in cell adhesion and cell migration (CDH1, TFPI-2), gene transcription regulation (PRDM2, RUNX3) DNA repair (GSTP1). All these genes have been found hypermethylated on their promoter in at least 50% of HCC human samples. The status of methylation is often inversely correlated with the gene expression. For example an immunoprecipitation performed on MBD2 on the HepG2 cell line, demonstrate that MBD2 binds to several genes found hypomethylated in HCC and that it colocalizes with the transcription factor CEBPA [START_REF] Stefanska | Transcription onset of genes critical in liver carcinogenesis is epigenetically regulated by methylated DNA binding protein MBD2[END_REF]. These genes are all related to tumor promoting pathways including inflammation, cell growth, invasion, drug resistance, cell communication etc. In addition the combination of both hypo-and hypermethylated genes can both contribute to the same biological function dysregulation and thus assure the misappropriation of the pathway to the tumor growth. For example, the hypomethylation of vimentin and the hypermethylation of E-Cadhertin involved in EMT transition will both serve the metastatic evolution of the tumor [START_REF] Kitamura | Aberrant methylation of the Vimentin gene in hepatocellular carcinoma[END_REF][START_REF] Zhai | Reduced expression of Ecadherin/catenin complex in hepatocellular carcinomas[END_REF].

Alteration in DNMT1 DNMT3A, DNMT3B expression

In parallel to changes in methylation, alterations in DNMT expression in HCC were investigated in several studies.

DNMT1, DNMT3A and DNMT3B mRNA levels were all higher in HCC samples compared with paired non-HCC samples (Lin et al., 2001). This result was confirmed by further studies that analysed tumors samples, their corresponding non-cancerous tissue, high-and low grade nodule dysplasia (ND) and normal tissue samples [START_REF] Choi | Expression of DNA methyltransferases in multistep hepatocarcinogenesis[END_REF][START_REF] Oh | DNA methyltransferase expression and DNA methylation in human hepatocellular carcinoma and their clinicopathological correlation[END_REF][START_REF] Park | DNA methyltransferase expression and DNA hypermethylation in human hepatocellular carcinoma[END_REF]. They found that DNMT1, DNMT3A and DNMTB expression was significantly increased in high grade ND, cirrhotic tissues and HCC samples compared to low grade ND and healthy tissue. Moreover the higher expression of DNMT1 in HCC was correlated to low recurrence-free and overall survival [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]. More precise mechanisms have been examined for specific genes like for ASPP2 silencing for which the HBX protein was found to recruit DNMT3A and DNMT3B on its promoter. Further in vitro studies with HBX transfected cell lines demonstrates an up-regulation in DNMT3A and DNMT1 expression and a down regulation in DNMT3B expression (Park et al., 2007).

Interestingly, here DNMTs specific dysregulations could be related to both DNA aberrant hypo and hypermethylation in liver cancer: indeed DNMT3A has been reported to have more affinity for gene promoters (compared to DNMT3B that would bind preferentially with centromeric regions). Thus in this study, DNMT3A and DNMT1 up-regulation could be responsible for local CpG island hypermethylation, as DNMT3B down-regulation would explain the global hypomethylation observed in non-coding regions. The role of the different splice variants for each DNMT's family member has also been investigated, in particular for the DNMT3b4 isoform. Saito et al., observed that when a global hypomethylation of pericentromeric satellite regions was observed in HCC, no mutation was detectable in DNMT3b whereas the inactive splice variant DNMT3b4 was over-expressed [START_REF] Saito | Overexpression of a splice variant of DNA methyltransferase 3b, DNMT3b4, associated with DNA hypomethylation on pericentromeric satellite regions during human hepatocarcinogenesis[END_REF]. DNMT3b4 does not show any catalytic activities but could compete with DNMT3b activity and actually a correlation was found between DNMT3b4 expression and DNA hypomethylation in the pericentromeric satellite regions in HCC patients. DNMT3b splice variants could thus be also implied in the mechanisms of hepatocarcinogenesis.

However, even if DNMTs up-regulation may be observed concomitantly with CpG island hypermethylation in TSG promoters, the role of DNMTs expression in TSG silencing remains uncertain as other analyses in HCC samples concluded that there was no significant correlation between DNMTs expression and DNA methylation [START_REF] Park | DNA methyltransferase expression and DNA hypermethylation in human hepatocellular carcinoma[END_REF]. Other studies confirmed this lack of association between DNMTs mRNA's level in tumor samples and DNA hypo-or hypermethylation [START_REF] Eads | CpG Island Hypermethylation in Human Colorectal Tumors Is Not Associated with DNA Methyltransferase Overexpression[END_REF][START_REF] Ehrlich | Quantitative analysis of associations between DNA hypermethylation, hypomethylation, and DNMT RNA levels in ovarian tumors[END_REF][START_REF] Oh | DNA methyltransferase expression and DNA methylation in human hepatocellular carcinoma and their clinicopathological correlation[END_REF] .

One of these studies actually observed that the detected up-regulation of DNMTs family members was strongly dependent on the housekeeping genes used for the qPCR assay: indeed no upregulation was observed when the normalization of expression was done with proliferation-associated genes [START_REF] Eads | CpG Island Hypermethylation in Human Colorectal Tumors Is Not Associated with DNA Methyltransferase Overexpression[END_REF]. This could indicate that DNMTs expression is proliferation dependent (which is attested for DNMT1) which accounts for all their apparent upregulation in tumors. Therefore, one should be precautious concerning the techniques used to study DNMTs and the ensuing conclusions and hypotheses that can be raised.

In conclusion, even if DNMTs abnormal expression and/or activity have been reported, the exact function of this dysregulation and its link to the aberrant DNA methylation profile observed are still poorly understand.

It should be mentioned that some 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] Saito | Overexpression of a splice variant of DNA methyltransferase 3b, DNMT3b4, associated with DNA hypomethylation on pericentromeric satellite regions during human hepatocarcinogenesis[END_REF]. Furthermore, both genetic and epigenetic alterations are known to lead tumor progression. In this context, the existence of DNA methylation abnormalities that appear before mutations and that are involved in tumorigenesis is strong evidence in support of this theory. The next section will described the evidence and the hint indicating that DNA methylation has a preponderant role in HCC development.

D.

DNA methylation contribution to hepatocarcinogenesis 1.

DNA methylation alterations in precancerous stages

As described above, DNA methylation alterations in HCC affect chromosomal stability, genome integrity, oncogene silencing and TSG expression. Interestingly these events are observed at early stages during liver oncogenesis. Concerning TSG promoter hypermethylation, RASSF1A (link to cell cycle arrest) appears hypermethylated in 50% of fibrosis cases and 75% of cirrhotic tissues [START_REF] Schagdarsurengin | Frequent epigenetic inactivation of the RASSF1A gene in hepatocellular carcinoma[END_REF], E-Cadherin (involved in EMT inhibition) methylation is increasing in dysplasia stage 1 and 2 [START_REF] Kwon | Promoter methylation of Ecadherin in hepatocellular carcinomas and dysplastic nodules[END_REF], and in vitro, and HBV-transfection in cell lines induced hypermethylation of RASSF1A, GSTP1 (involved in DNA repair mechanisms) and CDKN2B (cell cycle effector) (Park et al., 2007). More recently, a subset of 8 TSG (HIC1, GSTP1, SOCS1, RASSF1, CDKN2A, APC, RUNX3 and PRDM2) were analysed for their methylation status on their promoter between tumor, non-tumor matched samples and chronic hepatitis C samples (Nishida et al., 2012b). The promoters of theses TSG were hypermethylated in tumors, but interestingly their methylation profile in chronic hepatitis C samples was significantly correlated with shorted time to HCC occurrence. This result insinuates that TSG hypermethylation and silencing are not a consequence of cell transformation in hepatocellular carcinoma, but probably act as tumor initiating events from the early stages of hepatocellular progression. DNMTs have also been identified to be more expressed since precancerous stages as cirrhosis and dysplasia nodules or even during chronic viral infection (DNMT1 and DNMT3B have in this way been identified as host factors involved in HCV propagation) (Chen et al., 2013a;[START_REF] Choi | Expression of DNA methyltransferases in multistep hepatocarcinogenesis[END_REF].

However, these descriptions of early alterations in HCC do not permit to clarify if DNA methylation deregulations are a cause or a (early) consequence of HCC development. The Knudson's hypothesis suggests that cancers arise from a successive accumulation of genetic alterations and further leads to the identification of cancer-related genes. Aberrant promoter hyper-and hypomethylation in cancer (including HCC) are known to occur in well established oncogenes and TSG. These methylation marks should thus be included in the hallmarks characterizing cancer cells. Furthermore epigenetic mechanisms are intimately linked with genetic disorders [START_REF] Shen | Interplay between the cancer genome and epigenome[END_REF]. Indeed epigenetic marks can directly cause genetic mutations by alteration of the expression of proteins involved in DNA damage repair. The CG base pair is also highly subject to conversion into TA base pair (this mutation link to the methylation status of CG sites has been described in almost 25% of the TP53 mutations reported in human cancer) [START_REF] Olivier | TP53 mutations in human cancers: origins, consequences, and clinical use[END_REF]. In turn genetic defects on epigenetic factors (such as DNMT or TET proteins), will lead to epigenetic alterations [START_REF] Couronné | TET2 and DNMT3A mutations in human T-cell lymphoma[END_REF][START_REF] Ko | Impaired hydroxylation of 5-methylcytosine in myeloid cancers with mutant TET2[END_REF][START_REF] Shen | Interplay between the cancer genome and epigenome[END_REF]. Epigenetic disorders and genetic mutations should thus be included together as genome alterations that can progressively lead to cancer development. Whether epigenetic disorders appear before genetic mutations is still under debate and probably depends on the original tissue and the nature of the environmental risk factors associated. Causative evidences for the implication of DNA methylation processes in HCC initiation include rodent models with nutritional (lipogenic methyl deficient diet) [START_REF] Christman | Dietary effects on DNA methylation: do they account for the hepatocarcinogenic properties of lipotrope deficient diets?[END_REF][START_REF] Pogribny | Genomic hypomethylation is specific for preneoplastic liver in folate/methyl deficient rats and does not occur in non-target tissues[END_REF] or genetic (Apc min/+ ;DNMT1 chip/c ) alterations that result in liver cancer apparition [START_REF] Yamada | Opposing effects of DNA hypomethylation on intestinal and liver carcinogenesis[END_REF]. In addition a mouse model of early stage liver fibrosis demonstrated that the hypomethylation of the gene SPPP1 (involved in inflammation) was correlated to its higher expression and this regulation occurs even before the actual detection of fibrosis [START_REF] Komatsu | Global analysis of DNA methylation in early-stage liver fibrosis[END_REF]. This gene regulation through DNA hypomethylation would be a leading event for liver fibrosis.

In order to improve the comprehension of DNA methylation alterations with HCC initiation and development several large scale studies establishing methylation signatures have been conducted. In this manner DNA methylation profiling has been shown to be able to differentiate HCC from preneoplastic lesions (low grade -high grade nodule dysplasia and cirrhosis) [START_REF] Ammerpohl | Distinct DNA methylation patterns in cirrhotic liver and hepatocellular carcinoma[END_REF][START_REF] Nishida | Aberrant methylation of multiple tumor suppressor genes in aging liver, chronic hepatitis, and hepatocellular carcinoma[END_REF], supporting the idea that DNA methylation profile can serve and thus reflect a particular cellular phenotype and/or histological context. DNA methylation pattern can fully distinguish HCC samples from adjacent non-tumorigenic tissues and more precisely DNA methylation pattern can discriminate HCC with an etiology associated with HBV, HCV or alcohol intake (Hernandez-Vargas et al., 2010;Lambert et al., 2011). Finally, a successful prediction for HCC (with 95% sensitivity and 100% specificity) was established using quantification of DNA methylation on bacterial artificial chromosomes [START_REF] Nagashio | Carcinogenetic risk estimation based on quantification of DNA methylation levels in liver tissue at the precancerous stage[END_REF]. All these data suggest that DNA methylation intervenes from precancerous stages to initiate HCC and that the pattern of DNA methylation is specific to each carcinogenic context.

DNA methylation interaction with inflammation

As we have seen before, inflammatory and DNA methylation deregulations are both early events in hepatocarcinogenesis and several observations suggest that they might have a leading role in cancer initiation. Despite this, the question of whether inflammation and DNA methylation act concomitantly to initiate HCC or if one is triggered by the other remains.

As I showed in the previous chapters, cancer may be considered as both a genetic and epigenetic disease. With recent advances exploring epigenetic signatures in tumors, and precancerous and healthy tissues, this definition has been refined and it is believed that epigenetic perturbations act as precursors, before or concomitantly to genetic alterations, to initiate cancer [START_REF] Shen | Interplay between the cancer genome and epigenome[END_REF]. However, we still don't know what events could be in turn be precursors of epigenetic deregulations. Epigenetic marks observed in tumor samples are not always associated with the etiology of liver cancer, and in the rare cases where a correlation is found, the mechanisms by which an etiological agent can alter the epigenome of hepatocytes remains vague. As a result, two models are drawn for liver cancer initiation (based on epigenetic or inflammatory processes) but these two could be joined into a unique model where liver inflammation could be the precursor event leading to epigenetic alterations and then HCC initiation (Figure 31) (Martin and Herceg, 2012). In this model, inflammation could modify cell activity (leading subsequently to hepatocarcinogenesis) either directly or indirectly through epigenetics. In the direct way, cytokines are able to modulate themselves cellular pathways such as apoptosis, cellular proliferation and cellular survival. In the indirect way, cytokines interfere with cellular pathways through modulation of the gene expressions involved in those pathways by recruiting chromatin modifiers on their promoters and thus activating or silencing their expression. Moreover, these epigenetic modifications can themselves promote the over-expression of inflammatory genes thus creating a vicious circle. Recent mechanistic and functional studies support this model by demonstrating interconnections between inflammatory pathways and epigenetic modifications. For example, chronic inflammation increases the level of ROS in the cytoplasm and high levels of ROS have been reported to induce SNAIL expression that can in turn recruit DNMTs and HDAC to silence several specific genes (Hamilton, 2010;Lim et al., 2008). In vivo alcohol intake or in vitro HPS treatment (an inflammatory stimulus) can induce H3K9/S10 phosphorylation at cytokine gene promoters (Saccani et al., 2002;Yamamoto et al., 2003) and this specific histone mark happens to be required for NF-κB recruitment to promoters (Anest et al., 2003). IL-6 and TGF-β can induce EZH2 (PcG component) [START_REF] D'anello | Epigenetic control of the basal-like gene expression profile via Interleukin-6 in breast cancer cells[END_REF] and several studies have shown that TGF-β treatment regulates the expression of its target gene through modulation of the promoter DNA methylation [START_REF] Dong | G9a interacts with Snail and is critical for Snail-mediated E-cadherin repression in human breast cancer[END_REF][START_REF] Eades | miR-200a regulates SIRT1 expression and epithelial to mesenchymal transition (EMT)-like transformation in mammary epithelial cells[END_REF][START_REF] Kim | CREB/ATF-dependent T cell receptor-induced FoxP3 gene expression: a role for DNA methylation[END_REF][START_REF] Thillainadesan | TGF-dependent active demethylation and expression of the p15ink4b tumor suppressor are impaired by the ZNF217/CoREST complex[END_REF]You et al., 2010b). Most of the time these epigenetic regulations involve direct recruitment of DNMT or TET on the gene promoters, and are sometimes preceded by histone modifications In such cases, DNA methylation is thus a more secure system, to ensure the inflammation-induced silencing of genes. Contrary, epigenetic mechanisms can interfere with inflammatory pathways, in particular for the activation of the JAK/STAT3 pathway. HCC sample analyses revealed aberrant silencing of JAK/STAT inhibitors SOCS-1 and SOCS-3 by methylation resulting in constitutive activation of the pathway (Calvisi et al., 2006;Niwa et al., 2005). All these examples support the hypothesis that inflammation and epigenetics are not independent events but act in close collaboration to initiate HCC Different components of the inflammatory response (including transient and stable modifications such as activation of inflammatory pathways nuclear factor (SMAD and JAK/STAT) may induce changes in epigenetic machineries (including DNA methylation, histone modifications and non-coding RNAs), resulting in an 'epigenetic switch' that resets the long-term memory system in hepatocytes. The epigenetic switch in turn may contribute to a persistent inflammatory response through altered gene expression states and a positive feedback loop to exacerbate a chronic state of inflammation. In addition, the deregulated epigenome may maintain an altered transcriptional program that promotes proliferation and oncogenic transformation. This interdependent and self-reinforcing cross-talk between inflammation and the epigenome maintains and amplifies inflammatory signals, resulting in a series of events culminating in the development of liver cancer. The epigenetic switch may also be activated in hepatic or liver progenitor cells whose proliferation is stimulated during liver regeneration and repair. Therefore, an inflammatory microenvironment and an epigenetic switch in response to different environmental factors can directly promote activation of liver progenitor cells and their oncogenic transformation. DNMT, DNA methyl transferase (adapted from Martin and Herceg, 2012). 91 91

3.

DNA methylation and cancer stem cell phenotype DNA methylation, like other epigenetic marks, is stable, can be passed through cell divisions but remains reversible. The higher dynamism for DNA methylation is observed in embryonic stem cell, at the very early steps of zygote development (Bergman and Cedar, 2013). There is a global demethylation process engaged before implantation of the zygote in order to "erase" the germline programming and to reset totipotency (key master genes such as NANOG, OCT4 and SOX2 are silenced through hypermethylation in sperm DNA Farthing et al., 2008). After implantation, DNMT3A and DNMT3B are mobilized to establish a new DNA methylation profile. During this wide de novo methylation, low CpG content promoters (usually associated with tissue-specific genes) are highly methylated while dense CpG island promoters will remain protected, and thus relatively permissive for the transcription of the genes they belong to [START_REF] Koh | DNA methylation and methylcytosine oxidation in cell fate decisions[END_REF]. In somatic cells, the DNA methylation pattern is believed to be rather stable and any changes are likely to be rare and to come from "environmental consequences" and/or aging (Bergman and Cedar, 2013). In stem cells, the epigenetic program allows the expression of genes involved in self-renewal and pluripotency but at the same time shall be able to respond to any stimulus to launch differentiation (like liver progenitor cell activation under chronic liver inflammation). In consequence the chromatin state of stem cells is often described as open and flexible and may be subject to epigenetic reprogramming. Deregulation in stem cell differentiation can come from epigenetic alterations where stem cells slowly acquire irreversible silencing of key master regulators required for successful differentiation. In such a model, deregulated stem cells would lose their ability to differentiate while retaining their self-renewal ability. These two conditions are sufficient to favour malignant transformation through additional epigenetic and genetic alterations [START_REF] Shen | Interplay between the cancer genome and epigenome[END_REF]. Interestingly in this model epigenetic deregulations would be the first hit for stem cell transformation. This transformation could give rise to CSCs and non stem cancer cells. This model has been proposed after several observations: normal mammary gland stem/progenitor cells continuously exposed to estrogen developed a DNA methylation pattern resembling cancer methylome (Cheng et al., 2008) and cancer cells DNA methylation pattern often involves hypermethylation of genes involved in the specific differentiation of their cell of origin [START_REF] Sproul | Tissue of origin determines cancer-associated CpG island promoter hypermethylation patterns[END_REF]. Notably genes occupied by PcG (proteins involved in the silencing of genes regulated the differentiation) are more prone to promoter hypermethylation during cell proliferation and malignant transformation [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]. Finally a recent study observed a distinct methylation signature in Huh7 and PLC/PRF/5 side populations [START_REF] Zhai | Analysis of the genomewide DNA methylation profile of side population cells in hepatocellular carcinoma[END_REF]. This indicates that DNA methylation remodelling plays an important part in the transformation of CSCs and non stem cancer cells.

Describing of the cellular reprogramming in iPSC (induced pluripotent stem cells) has been beneficial to understanding stem cell dysregulations. iPSC relies initially on key master genes expression (OCT4, SOX2, C-MYC and KLF4) followed by an epigenetic remodelling that will permit the secondary transcription of genes involved in pluripotency, self-renewal and proliferation [START_REF] Li | Cancer stem cells: distinct entities or dynamically regulated phenotypes?[END_REF]. DNA methylation pattern modification with a global demethylation seems to be necessary [START_REF] Gao | Replacement of Oct4 by Tet1 during iPSC induction reveals an important role of DNA methylation and hydroxymethylation in reprogramming[END_REF]. Besides, loss of DNMT3A has been shown to block hematopoietic stem cell differentiation [START_REF] Challen | Dnmt3a is essential for hematopoietic stem cell differentiation[END_REF] in mice and inhibition of methylation in human HCC cell lines results in increased tumorigenicity in the CSC side population (Marquardt et al., 2010). However the exact role of DNMTs in CSC programming is not obvious as the inhibition of DNMT1 in leukemia was at the opposite correlated with reduction of the tumor growth and impaired CSC functions [START_REF] Trowbridge | Haploinsufficiency of Dnmt1 impairs leukemia stem cell function through derepression of bivalent chromatin domains[END_REF]. Nevertheless this underlies the important role of DNA methylation pattern acquisition during transformation. In MCF7 (breast cancer cell line) and Huh7 (HCC cell line) cells, the DNA methylation profile for TSG has been compared between CSCs and non stem cancer cells, and DNA methylation level was always found lower in CSCs [START_REF] Yasuda | Distinct epigenetic regulation of tumor suppressor genes in putative cancer stem cells of solid tumors[END_REF]. This difference can be associated to the less differentiated status of CSCs. In addition, the expression of CD133 protein in CSCs is also regulated through methylation. In liver, ovarian, colorectal and glioma tumors, CD133 promoter is hypomethylated in CD133+ cells compared to CD133-cells [START_REF] Baba | Epigenetic regulation of CD133 and tumorigenicity of CD133+ ovarian cancer cells[END_REF][START_REF] Yi | Abnormal DNA methylation of CD133 in colorectal and glioblastoma tumors[END_REF]You et al., 2010a).

Interestingly this type of regulation for CD133 has not been reported in normal cells. As CD133 might be directly involved in the pathways regulating CSCs, this would signify that CD133+ cell's DNA methylation pattern would not only be a signature of CSCs but could contribute to the homeostasis of this subpopulation. Theses observations strongly support the idea that methylation is not only important in stem cell but also for CSC programming and could serve cancer development through maintenance of this subpopulation.

HYPOTHESIS AND AIMS OF THE PROJECT

In liver cancer samples and HCC cell lines, CD133+ cells have been reported to represented subpopulations of cells called cancer stem cells. These cells show a higher ability to induce tumors in SCID/ NOD mice and to reproduce the heterogeneity of the tumor. They have been linked to tumor aggressiveness, metastasis and bad prognosis (Ma, 2013). These cells are also believed to support tumor growth, and as they exhibit increased resistance to chemotherapy, they could be responsible for tumor relapses often observed in patients. CSCs thus provoke high interest as they represent a prominent target for future therapy research.

Many studies have therefore attempted to characterize these cells. Specific pathway activation such Wnt/β-catenin and Hedgehog have been described in these cells, but so far a thorough characterization of CD133+ cells in liver cancer is lacking.

Cell fate decisions are governed by non-genetic processes that are maintained through cell divisions. These processes are mediated by epigenetic mechanisms such as DNA methylation and histone modifications. Notably, cancer cells show a loss of their original tissue features and this is associated with the observation that DNA methylation is markedly deregulated in human malignancies. However whether CSCs display a distinct DNA profile (sustaining their distinct phenotype) is not known. DNA methylation can be influenced by both internal cellular and environmental factors. In the case of hepatocellular carcinoma (HCC), the most frequent primary liver cancer form, malignancy development is usually associated with a chronic inflammation (Martin and Herceg, 2012). During chronic hepatitis, hepatocyte proliferation is activated through paracrine signals involving cytokines.

Interestingly, the transforming growth factor beta cytokine (TGF-β) has been linked to both tumor suppression at early stages of HCC and tumor progression at later stages. Besides there is recent evidence that TGF-β is able to influence the expression of DNMTs, and therefore, potentially affect DNA methylation states [START_REF] Chen | DNA methyltransferases 1 and 3B are required for hepatitis C virus infection in cell culture[END_REF].

In this context, we raise the hypothesis that CD133+ CSCs harbour a specific DNA methylation program supporting their phenotype and that this phenotype might be triggered or influenced by their microenvironment (conditions like inflammation).

The two main questions that we want to answer are the following:

-Do liver CSCs display a specific DNA methylation signature that supports their phenotype ?

--Are liver CSCs and their putative DNA methylation signature sustained by external inflammatory stimulus such as TGF-β? -To answer theses questions, our main objectives were:

-To select a relevant marker for identification of CSCs in liver cancer cell lines. This would allow us to conveniently perform a genome wide methylation study.

-To establish an assay for magnetic cell separation based on the selected marker which would allow us to perform in vitro study and microarray profiling on purified population of CSCs.

-To perform a genome wide methylation assay to compare liver CSCs with non-stem cancer cells in at least two independent HCC cell lines.

-To describe in vitro the effect of TGF-β exposure on liver CSCs.

-To study the ability of TGF-β in inducing DNA methylation changes in liver cancer cells, and to investigate the link between TGF-β exposure and liver CSC DNA methylation program.

MATERIALS AND METHODS

Cell culture

Huh-7, Hep3B, HepG2 and PLC/PRF/5 (American Type Culture Conditions) were cultured in DMEM medium high glucose with L-Glutamine (Gibco) supplemented with 10% foetal bovine serum (Gibco), 1% Penicillin and Streptocin (Gibco), 1% Sodium Pyruvate (Gibco)

and 1% with Glutamine (Gibco). All cell lines were incubated at 37°C in a humidified atmosphere containing 5% CO2 and were regularly tested for mycoplasma contamination (MycoAlert detection kit, LONZA).

Cytokines treatment

Two cytokines, Il-6 and TGF-β1 (recombinant human, Peprotech) were used to treat HepG2 and Huh7 cell lines. Cells were plated and allowed to get adherent for at least 4h and fresh medium containing 10ng/ml final of IL-6 or TGF-β1 was added. For each condition medium was renewed after 3 days, and cells were collected after 4 days of treatment. For experiments investigating the stability of the effects induced by TGF-β1, after 4 days of treatment, cells were washed once with PBS, fresh medium without cytokines was added, and cells were left in culture for 4 additional days.

Sphere formation assay

For sphere formation assay hepatosphere medium (from 

BrDU assay

BrDU (Sigma) was added directly in cell's medium at 100uM final and cells were allowed to incorporate it for 1h. After trypsinization, cells were pelleted and 70% ethanol was added drop wise to the pellet. Cells were stored at -20°C for at least 1h.

Pellets were washed once with wash buffer (PBS containing 0.5% BSA) and DNA was denaturated by adding 0.5ml of 2M HCl for 20min at room temperature (RT). After one washing, to neutralize any residual acid, cells were resuspended in 0,5ml of 0,1M of sodium tetraborate (Na2B4O7) and incubated 2min. Cells were washed twice, resuspended with BrDU antibody (Sigma Aldrich, diluted 1:500 in wash buffer) and incubated 20min at RT.

Cells were then incubated with an anti-mouse-FITC antibody (Sigma, diluted 1:100 in wash buffer) for 20min at RT. Labelled cells were finally resuspended in 225ul of wash buffer, and 25ul of propidium iodide was added just before FACS analysis. BrDU staining was analysed using FACS instrument (and FACSCanto II, BD Biosciences) data were collected using BD FACSdiva 6.0 (BD Biosciences software) and analysed with FlowJo or WinMDI software.

Fluorescence Activated cell sorting (FACS) Cells were labelled with anti-human CD44 antibody, anti-human CD133 antibody, antihuman EpCAM antibody, CD90 antibody or anti-human-TGFBRII (see Table 7 for details).

Non-conjugated primary antibodies were detected with a secondary antibody conjugated alternatively with FITC, Cy3 or Alexa750 (see Table 7 for details) For each staining, antibodies were diluted in PBS containing 3% foetal bovine serum (see Table 7 for working dilution) and incubated during 30min in the dark at RT. Fluorescence was analysed using FACS instrument (and FACSCanto II, BD Biosciences) and data were collected using BD FACSdiva 6.0 (BD Biosciences software) and analysed with FlowJo or WinMDI software. Magnetic Activated cell sorting (MACS).

Huh7 and HepG2 cells were depleted or enriched for CD133+ cells using Miltenyi MACS system (CD133 microbead kit, LS columns and MidiMACS separator, Miltenyi Biotec).

Manufacturer's instructions did not allow us to obtain a satisfactory enrichment for CD133+ cells (at least 2.5 fold enrichment). In order to increase the efficiency of the sorting, the initial protocol was optimized. The procedure described below corresponds to the final optimized protocol. The differences between the manufacturer's instructions and our optimized protocol are summarized in Figure 32 and examples of fractions enriched in CD133+ cells are presented Figure 33.

During the entire procedure, cells were kept in cold PBS completed with 2% FBS and 2mM

EDTA. This buffer will be referred hereinafter as MACS buffer.

Magnetic Labelling :

After trypsinization, cells were filtered, counted and incubated 30min at 4°C on a wheel with FcR blocking Reagent (diluted 1:3 in MACS buffer, 450ul for 10^8 cells). MicroBeads conjugated to monoclonal anti-human CD133 antibodies were then added to the cell suspension (final dilution 1:4) and incubated 15min at 4°C on a wheel. Reaction was stopped with one wash of 5ml of MACS buffer, cells were centrifuged and resuspended in 2-4-ml of MACS buffer. Cells suspension was then applied onto a pre-rinsed LS column placed in the magnetic field of a MACS separator.

Magnetic separation

In order to obtain clear distinct fractions, two different procedures were used for CD133+ cells depletion or CD133+ cells enrichment.

CD133+ cells depletion.

Immediately after application of the cell suspension onto the LS column, flow-through containing unlabelled cells was collected. The column was then washed 3 times with 4ml of MACS buffer, and the flow-through fraction was collected and combined with the effluent from the previous step to constitute the CD133 negative fraction. For each experiment aliquots were collected to test by FACS the efficiency of the depletion.

CD133+ cells enrichment :

After application of the cell suspension onto the LS column, and flow of the unlabeled cells, the column was washed 3 times with 4 ml of MACS buffer. To improve the efficiency of the washings, a plunger was softly used during all the washing steps. The column was then removed from the separator and placed on a 15ml collection tube. 5ml of MACS buffer was applied onto the column and labelled cells were collected by firmly pushing the plunger in the column. This last step was repeated once in order to avoid any labelled cells remaining in the column. To increase purity of CD133+ cells, the eluted fraction was enriched a second time over a new LS column following the exact same procedure for enrichment. For each experiment, aliquots were kept to test by FACS the efficiency of the enrichment.

. This scheme is representing main steps of the MACS protocol and the differences between manufacturer's and our optimized procedures.

Figure 33 Dot plots of cells fractions enriched in CD133+ Huh7 cells analysed by FACS.

A. CD133+ cells fraction obtained after 2 columns following manufacturer's procedures. B. CD133+ cells fraction obtained after 2 columns following the optimized procedures

Cell sorting

For DNA methylation bead arrays, Huh7 and HepG2 CD133+ cells were sorted using a BD FACSAria III SORP cell sorter apparat in the CRCL (Centre de recherche en cancérologie de Lyon) flow cytometry plateform. Cells were labelled using anti-CD133 antibody (see Table 7)

and a secondary anti-mouse antibody coupled with Cy3 (see Table 7). Cells were first gated with the SSC-A and FSC-A parameters to exclude dead cells and debris, then were filtered for singlet using the FSC-W and FSC-H parameters and finally were sorted according to their fluorescence using the FL2 channel.

DNA extraction

After trypsinization, cells were pelleted and resuspended in TAIL buffer (1% SDS, 0.1M NaCl, 0.1M EDTA, 0.05M Tris pH8) with Proteinase K (500ug/ml) and incubated for 2 to 3 hours at 55°C. Saturated NaCl (6M) was then added and after centrifugation (10min, Vmax), 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 35).

Pyrosequencing assays (primers for PCR, sequencing primers and regions are described Table 8). To validate the data obtained by Infinium methylation bead arrays in all samples, 8 to 10 CpG sites were selected for their difference of methylation and analyzed a second time by pyrosequencing as described above.

RNA extraction

Total RNA was isolated using the TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. Briefly 1ml of TRIzol Reagent was added on the cells pellets.

Cells were centrifuged and supernatant was collected in a new Eppendorf. 200ul/ml TRIzol was added, cell suspension was vortexed and left at RT for 15min. After centrifugation the aqueous phase was collected in a new tube, and RNA was precipitated with 500ul of isopropanol. The RNA pellet was then washed once with 75% ethanol and finally resuspended in water. RNA quantity and quality were assessed with a ND-8000 spectrophotometer (Nanodrop, Thermo scientific). Pellets were stored at -80°C until use.

Reverse transription and quantitative PCR Reverse transcription reactions were performed using MMLV-RT (Invitrogen) and random hexamers on 500 ng of total RNA per reaction according to the manufacturer's protocol.

Quantitative PCR was done in triplicate for each condition using the Mesa Green qPCR MasterMix Plus for SYBR Assay buffer (Eurogentec). The qPCR was performed with a CFX96T touch real time system (BIO-RAD). HPRT1 and GAPDH were used as housekeeping genes and in case of contradictory results two supplementary HCC-specific housekeeping genes (SFRS4 and TBP1) [START_REF] Waxman | De-regulation of common housekeeping genes in hepatocellular carcinoma[END_REF] were used. The different primers used are listed in Table 9.

Table 9. List of primers designed for qRT-PCR.

HPRT1 for 5'-CATTGTAGCCCTCTGTGTGC-3' rev 5'-CACTATTTCTATTCAGTGCTTTGATGT-3' SOX2 for 5'-AAGACGCTCATGAAGAAGGATAA-3' rev 5'-ACTGTCCATGCGCTGGTT-3' GAPDH for 5'-AACGGGAAGCTTGTCATCAA-3' rev 5'-TGGACTCCACGACGTACTCA-3' BMP1 for 5'-CAAGGCCCACTTCTTCTCAG-3' rev 5'-CATAACTGCCGAACGTGTTG-3' SFSR4 for 5'-GGCTACGGGAAGATCCTGGA-3' rev 5'-TGCATCACGCAGATCATCAA-3' ERLIN1 for 5'-GATTGAGGAGGGCCATCTG-3' rev 5'-GGTCCACTGGGGCTAGTTAGT-3' TBP1 for 5'-TATAATCCCAAGCGGTTTGC-3' rev 5'-CACAGCTCCCCACCATATTC-3' HDAC7 for 5'-GGTGTCCTAGACGCACAGAAAT-3' rev 5'-CATGACCGAGTCATAGATCAGC-3' CD133 for 5'-TCCACAGAAATTTACCTACATTGG-3' rev 5'-CAGCAGAGAGCAGATGACCA-3' RERE for 5'-TGAAGAAGTCGGCCAAGAAG-3' rev 5'-CGCTGGCGTTTGTTACTCTT-3' DNMT3A for 5'-CCTGAAGCCTCAAGAGCAGT-3' rev 5'-TGGTCTCCTTCTGTTCTTTGC-3' ZEB1 for 5'-GCTGGGAGGATGACAGAAAG-3' rev 5'-TGCATCTGACTCGCATTCAT-3' DNMT3B for 5'-CAAATGGCTTCAGATGTTGC-3' rev 5'-TCCTGCCACAAGACAAACAG-3' COL18A1 for 5'-AGGAAGGACTGGGCAGAAA-3' rev 5'-CTCCCTTGCTCCCCTTATGT-3' DNMT1 for 5'-GATGTGGCGTCTGTGAGGT-3' rev 5'-CCTTGCAGGCTTTACATTTCC-3' CALD1 for 5'-CGTCGCAGAGAACTTAGAAGG-3' rev 5'-ATTCCTCTGGTAGGCGATTCT-3' TET1 for 5'-GCTATACACAGAGCTCACAG-3' rev 5'-GCCAAAAGAGAATGAAGCTCC-3' CALM2 for 5'-ATGGCTGACCAACTGACTGA-3' rev 5'-CAGTTCCCAATTCCTTTGTTG-3' TET2 for 5'-CTTTCCTCCCTGGAGAACAGCTC-3' BRD2 for 5'-CCCTAAGAACAGCCACAGAA-3' rev 5'-TGCTGGGACTGCTGCATGACT-3' rev 5'-GGTATCTCAGGTGGAGGAGTAT-3' TGFB for 5'-GCACGTGGAGCTGTACCA-3' rev 5'-AAGATAACCACTCTGGCGAGTC-3' STAT3 for 5'-AACTTCAGACCCGTCAACAAA-3' rev 5'-GGGTCCCCTTTGTAGGAAAC-3' SNAIL for 5'-ATCCGAAGCCACACACTG-3' rev 5'-CACTGGTACTTCTTGACATCTG-3' JAK2 for 5'-GGTGAAAGTCCCATATTCTGGT-3' rev 5'-AGGCCACAGAAAACTTGCTC-3' P21 for 5'-GACACCACTGGAGGGTGACT-3' rev 5'-CCACATGGTCTTCCTCTGCT-3' NANOG for 5'-CAGCTGTGTGTACTCAATGATAGATTT- 3' rev 5'-TCTGGAACCAGGTCTTCACC-3' CCDN1 for 5'-GAAGATCGTCGCCACCTG-3' rev 5'-GACCTCCTCCTCGCACTTCT-3' OCT4 for 5'-GCTTCGGATTTCGCCTTC-3' rev5'-CTTAGCCAGGTCCGAGGAT-3'
Whole genome expression array

Total RNA was isolated using the TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. Briefly 1 ml of TRIzol Reagent was added on the cells pellets. applications were used for gene set enrichment analyses, including Gene Ontology, pathway, network module, and gene-phenotype associations [START_REF] Huang | Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources[END_REF]Wang et al., 2013).

Additional R/Bioconductor packages and our own scripts were used for the specific analysis modeling the effect of TGF-β and CD133 expression in linear regression. Data loading and preprocessing was performed with the "watermelon" package. This was followed by batch correction using the ComBat function of the "sva" package and linear modeling using "limma" 113 113

RESULTS

I. CD133-and CD133+ liver cancer cells differentially express DNA methylation genes

CD133 is an established marker of CSCs in different types of human malignancies, including HCC (Grosse-Gehling et al., 2013). In a first step, we estimated the frequency of CD133 expressing cells in three non-related liver cancer cell lines: HuH7, HepG2 and PLC/PRF/5.

These 3 cell lines are all originating from liver cancer (HCC or hepatoblastoma), they are all tumorigenic but non metastatic. Their main genetic characteristics are an integrated copy of the HBV genome for PLC/PRF/5 and a TP53 missense mutation for PLC/PRF/5 and Huh7

(Table 10) Non-synchronized, exponentially growing cells were analyzed by FACS after staining with anti-CD133 antibody (AC133), which recognizes all common CD133 isoforms (Grosse- et al., 2013). The expression of CD133 was evident in all cell lines, ranging from 5% in HepG2, to 79% in PLC/PFR/5 cells and 5-15% standard deviation (Figure 36). Expression of the surface protein correlated well with CD133 expression at the mRNA level as cell population enriched for CD133+ cells with magnetic cell sorting (MACS) displayed a higher expression of CD133 mRNA (Figure 37) compared to cell populations depleted in CD133+ cells. Many previous studies have reported that CD133+ cells in these cell lines present important features related to CSCs, such as clonogenicity, tumorigenesis, metastatic potential and chemoresistance. Although the relation of CD133 expression to stemness has already been established, our study demonstrated that Huh7 CD133 positive cells enriched with magnetic cell sorting (MACS) were also able to grow in non-attachment conditions (Figure 38).

Gehling

In addition, we studied the mRNA expression of well-defined stemness transcription factors that have been reported as differentially expressed in some subpopulations of liver CSCs (Wang et al., 2013). Efficiency of CD133 enrichment by MACS was variable, potentially due to the different starting population for each cell line, and intensity of CD133 protein expression at the cell surface. In spite of this variability, we observed a significant overexpression of NANOG and POU5F1 (OCT4) in all three cell lines studied, while SOX2 was significantly overexpressed in two cell lines (HuH7 and HepG2) (Figure 39). In these two cell lines, mRNA obtained from populations enriched in CD133+ cells at intermediate levels, displayed the expected intermediate levels of mRNA expression (Figure 39).

As a an initial step in exploring a potentially different methylation program in CD133+ liver cancer cells, we studied the expression of genes coding for relevant players of the DNA methylation machinery. This included genes involved in maintenance DNA methylation (DNMT1), de novo DNA methylation (DNMT3A and DNMT3B) and DNA demethylation (TET1 and TET2). No significant differences were found for any of these genes in PLC/PRF/5 cells. However, DNMT3A was consistently overexpressed in both HuH7 and Together, these data suggest that in at least two independent liver cancer cell lines (HuH7 and HepG2) CD133 marks a specific subpopulation of cells. In addition, the consistent overexpression of de novo DNA methylation genes (DNMT3A in both cell lines, and DNMT3B in HepG2) favors the idea of a potentially unique DNA methylation program.

Therefore, we selected HuH7 and HepG2 cell lines for further analysis of DNA methylation in CD133+ cells.

II. A differential DNA methylome defines CD133-and CD133+ liver cancer cells

We have shown that CD133+ cells represent a functionally and phenotypically unique fraction of cells. They also display a differential expression of de novo DNMTs, and this may be reflected in a differential configuration of their DNA methylome. To study this possibility, we performed a genome-wide DNA methylome analysis in FACS-sorted CD133 negative and positive fractions from Huh7 and HepG2 cells (Figure 41).

. Huh7 and HepG2 cells were sorted by FACS using CD133 antibody. DNA from CD133+ and C133cells was extracted, converted with bisulfite treatement and processed on the Illumina Infinium 450K bead array. For each cell line, biological duplicates for CD133+ and CD133-subpopulations were processed (see Materials and Methods).

DNA isolated from these fractions was interrogated with the Illumina Infinium 450K bead array, which allows interrogation of more than 450,000 CpG sites, spanning all RefSeq genes, CpG islands, and non-CpG sites (Bibikova et al., 2011). Output data were processed using Illumina GenomeStudio for quality control and data export and the BRB-ArrayTools Unsupervised clustering of CD133+ and CD133-cells using the significant CpG (n=608) differentially methylated (p<0,001; average deltabeta >5%). Methylation level is expressed in log scale, with higher methylation represented in red and lower methylation shown in blue.

software (see Materials and Methods). In unsupervised analyses, parental cell line was the main factor defining DNA methylation variation (Figure 42). Therefore, our main analysis compared CD133-vs CD133+ fractions accounting for cell of origin (see Materials and Methods). The class comparison analysis resulted in 608 probes differentially methylated at significant p value (p<0.001), although with relatively high FDRs (FDR=0.58), probably due to sample variability and cell line differences. Moreover these CpG sites were all selected for an average delta beta >5%. Supporting the quality of the dataset was the finding of one CpG site within the CD133 (PROM1) locus, among this list of differentially methylated sites. This

CpG site was hypomethylated in CD133+ subpopulations from both cell lines, by 4.4% and 8% in Huh7 and HepG2 cells, respectively (Figure 43). Average_Beta (AVG_Beta) values obtained from the bead array assay were plotted for on significant CpG site within the CD133 (PROM1) promoter. The difference in methylation between CD133-and CD133+ cells (delta_Beta) is indicated for each cell line.

The 608 differentially methylated genes correspond to 394 RefSeq genes, and represent those CpG sites significantly hypo or hypermethylated in CD133+ cells in both cell lines, relative to their negative counterparts. Most of these probes (n=511, 84%) were hypomethylated in CD133+ cells, while 98 (16%) were hypermethylated (Figure 44).

POU5F1 was displayed. In addition, transcription factors belonging to the STAT and SMAD families were again observed. Interestingly, an important proportion of differentially methylated loci (44%) were not related to CpG island regions ("open sea" probes in Figure 45). For those probes matching annotated genes, we did not observed any significant overrepresentation of differentially methylated loci in one specific gene-related region (Figure 45). We next carried out pathway analyses and found an enrichment in pathways previously associated with CSC activity, such as Jak-STAT, Wnt and Akt. In addition, there was a significant enrichment for inflammatory pathways, such as NFkB, p38, TNF, and TGF-β signaling pathways (Table S2).

Finally transcription factor geneset analysis was realized. As the analysis with the two cell lines combined bring out some transcription factor activated by inflammatory stimulus such as NF-kB, SMAD3 and members of the STAT family (Table S2). Interestingly, when we repeated this analysis for each cell line separately, the stem-cell related transcription factor

In summary, CD133+ liver cancer cells display a distinct DNA methylome compared to their negative counterpart. In spite of the cell line specific profiles, our results revealed a common CD133+ methylome signature, which includes the PROM1 gene itself. The methylome of CD133+ cells was characterized by a global reduction in DNA methylation, with an overrepresentation of intergenic CpG sites. For those differentially methylated sites related to annotated genes, there was an association with CSC-and inflammation-related pathways.

These findings suggest that DNA methylation may have an important contribution to defining the phenotype and functional properties of this cell subpopulation. 

III. TGF-β, but not IL-6, induces CD133 expression in a stable fashion

The enrichment in inflammatory pathway observed during our analysis of CD133+ cells DNA methylation signature suggests that these cells might be differentially sensitive to inflammatory stimulus. CD133+ CSCs in other cancers, such as glioblastoma, lung cancer and breast, were described as being maintained by TGF-β (Mani et al., 2008a;[START_REF] Peñuelas | TGF-beta increases glioma-initiating cell self-renewal through the induction of LIF in human glioblastoma[END_REF][START_REF] Pirozzi | Epithelial to mesenchymal transition by TGFb-1 induction increases stemness characteristics in primary non small cell lung cancer cell line[END_REF]. In liver cancer, it has been reported that TGF-β exposure increases the percentage of CD133+ cells in the HuH7 cell line (You et al., 2010). In addition, the inflammatory pathways displayed by CD133+ methylome included the TGF-β pathway.

Therefore we next aimed to validate and extend these observations by investigating the impact of TGF-β exposure on CD133+ subpopulation in HepG2 cells. Importantly, both HuH7 and HepG2 cells, express the receptor for TGF-β (TGFBRII) at similar levels (Figure 46), and respond to TGF-β by phosphorylating the receptor-dependent Smad, SMAD2

(Figure 47). Huh7 and HepG2 cells were exposed to TGF-β and proteins were extracted and separated on a SDS-PAGE. Antibodies directed agains SMAD3, phophorylated SMAD3 (Smad3P) and phosphorylated SMAD2 (Smad2P) were used to observe TGF-β pathway activation. β-tubulin was used for loading control.

We reproduced the preliminary findings of You et al, also using an additional cytokine with relevance in HCC, the pro-inflammatory interleukin 6 (IL-6). To this end, we selected concentrations of both cytokines that did not have an effect on cell viability (Figure 48); moreover, these concentrations were already used in previous studies on Huh7 cell line [START_REF] Matak | Activated macrophages induce hepcidin expression in HuH7 hepatoma cells[END_REF]You et al., 2010b). As genes involved in both SMAD and STAT3 signaling pathways were found to be differentially methylated in CD133+ cells, we first checked if one of these pathways was already activated in CD133+ cells by analyzing the expression of known target genes (Figure 49). Despite the significant increase of STAT3 and JAK2 in Huh7, we did not detect any consistent increase of expression for IL-6 target genes in HepG2 or for TGF-β target genes or in CD133+ cells (Figure 49). This result indicates, that in the absence of TGF-β the medium CD133+ cells do not present any activation of this signaling pathway. As an increased of IL-6 target genes was only observed in CD133+ Huh7 and not in HepG2, it suggests that this basal activation is not a intrinsic property of CD133+ cells but might be rather associated to a specific cell line characteristic. We then exposed cells to IL-6 or TGF-β (10 ng/ml) and first check for any morphological changes that could reflect deeper changes in the phenotype. After 4 days of treatment, we didn't observe any morphological change in IL-6 treated cells whereas TGF-β treated cells harboured a distinct phenotype compared to non-treated cells. After TGF-β exposure, cells became more elongated and were more spread in the culture dishes (Figure 50). These morphological changes strongly remind EMT-associated morphology and suggest that TGFβ induced some transformation in our two cell lines.

Figure 50. TGF-β exposure induces morphological changes in HCC cell lines.

Representative phase contrast images of Huh7 and HepG2 cells left untreated or exposed to IL-6 or TGF-β during 4 days.

As for CD133 expression, as expected, TGF-β exposure during 4 days induced an almost three-fold and two-fold increase in the percentage of CD133+ cells in HuH7 and HepG2 cells, respectively (Figure 51). Interestingly, IL-6 treatment also induced a significant increase in CD133 positivity in both cell lines, although the increase was comparatively mild (about 50%) (Figure 51). provide a hint about the mechanisms underlying their effect on CD133+ cells. To this end, we treated both cell lines as previously (TGF-β or IL-6 treatment for 4 days). After 4 days, cell culture medium was replaced by standard medium, and cells were left in culture for an additional 4 days. Cells were then collected and screened for CD133 expression using FACS.

Of note, only cells treated with TGF-β showed a persistent increase in the percentage of CD133+ cells, of similar magnitude to the increase observed at day 4 (Figure 51).

Importantly, only TGF-β exposure was able to induce a significant increase in the expression of CD133 in both cell lines at the transcriptional level (8 and 6 fold increase for HuH7 and HepG2, respectively) (Figure 52). Interestingly known target genes of the TGF-β signaling pathway such as TGFb, P21 and SNAIL were found upregulated only after 4 days and no persistence in this upregulation was observed after the release of the cytokine (Figure 53).

This observation indicates that the persistence of TGF-β's effect on CD133+ cells is not due to a positive feedback of the pathway that would maintain TGF-β intracellular signal activated even in the absence of the cytokine. Altogether these findings suggest that TGF-β is able to stably induce CD133 expression (in contrast to the milder and transient effect of IL-6), an observation consistent with epigenetically-induced phenotype persistence. 

IV. De novo induction of CD133+ cells by TGF-β is associated to an increased expression of DNMT3 genes.

The increase in CD133 positivity can be due to a switch in the expression of CD133, or an increased rate of growth induced by TGF-β specifically in the smaller CD133+ fraction of cells. To distinguish between these two possibilities, we repeated the previous experiment in cells negative for CD133 expression, selected by negative enrichment with MACS (see Methods). In both cell lines, TGF-β was able to significantly induce a population of CD133+ cells, evident after 4 days of treatment (Figure 54). Also in this case, we replaced the medium after 4 days, and let the cells grow in the absence of cytokines for additional 4 days. After these additional 4 days, the increase in CD133 positive fraction for both cell lines was even higher, relative to the one observed at day 4 (Figure 54). Importantly, although there was a spontaneous induction of a CD133+ fraction in HuH7 cells (from 0 to 20% after 4 days), this percentage did not significantly change at day 8, and is similar to that found in untreated HuH7 cells at basal conditions. This indicates a potential de novo balance between the CD133 negative and positive fractions in this cell line. In contrast, the expression of CD133 remained close to zero in HepG2 control cells and only increased after TGF-β exposure. This finding indicates that TGF-β is able to induce the expression of CD133 surface protein, and not an increased proliferation of CD133+ cells. To actually support this hypothesis, we used BrDU to assess the effect of TGF-β on cell cycle. In Huh7 cells we observed an expected lower rate of proliferation of cells treated with TGF-β while in HepG2 TGF-β has no effect on cell cycle (Figure 55). Thus TGF-β's effect on CD133+ cells seems to not involve any increase of cell proliferation. Similar to our previous experiment, the transient effect of IL-6 on CD133+ cells was confirmed, as this cytokine was only able to induce a 50% increase after 4 days in Huh7 but that is not persistent after the replacement with fresh medium (Figure 54). Moreover IL-6

was not able to induce a population of CD133+ cells in HepG2. TGF-β is a member of a large family of pleiotropic cytokines that signal through a receptor complex comprising a diversity of type I and a type II serine/threonine kinases. The recombinant TGF-β1 used in our assays is expected to bind the activin receptor-like kinase ALK-5 (the TGF-β type I receptor) (Callahan et al., 2002). To rule out unspecific effects of this treatment, we used the small molecule inhibitor SB-431542, which targets ALK5 and ALK5related type I receptors, with no effect on other family members that, for example, recognize bone morphogenetic proteins (BMPs) (Inman et al., 2002). By using this specific inhibitor of TGF-β pathway, we were able to completely rescue the effect of TGF-β in inducing CD133 expression in both cell lines (Figure 56). Therefore, the ability to induce CD133+ cells is specific and fully dependent on TGF-β type I receptor signaling in both, Huh7 and HepG2 cells (Figure 56). After having shown that TGF-β is able to induce a de novo fraction of CD133+ cells, we asked whether this effect correlated with a differential expression of DNA methylation players, as we have shown that CD133+ cells overexpress DNMT3 genes in basal culture conditions (Figure 40). All DNMTs and TET2 displayed an increase mRNA expression in at least one of the two cell lines, while TET1 was underexpressed after 4 days of release from TGF-β exposure (Figure 57). As shown for the basal CD133-expressing cells, the most consistent finding was the overexpression of DNMT3A in both cell lines after TGF-β treatment. Of note, in none of the conditions of study IL-6 exposure was able to induce statistically significant changes at the mRNA expression level (Figure 57).

Combined, these data shows the ability of TGF-β (in contrast to IL-6) to induce a stable de novo fraction of CD133-expressing cells in two independent liver cancer cell lines. This induction correlates with a functional characteristic of basal CD133+ cells, which is the increased ability to grow under non-attachment cell culture conditions (Figure 58).

Furthermore in Huh7 this functional characteristic was maintained 4 days after the end of treatment (Figure 58). In addition, the differential expression of de novo DNMTs and the morphology changes induced by TGF-β indicates that the expression of CD133 may be a marker of a more general expression program that defines this cell subpopulation.

Figure 57. DNMT and TET expression is modulated by TGF-β.

Huh7 (left panels) and HepG2 (right panels) cells were treated as in described in Figure 50, RNA was extracted and qRT-PCR was performed for genes involved in DNA methylation or demethylation. Expression was normalized to housekeeping gene. (*) indicates P value < 0.05 relative to non-treated cells at the corresponding time point.

Figure 58. TGF-β induced CD133+ cells are able to grow on low attachment conditions.

Left panel: Huh7 and HepG2 cells were treated with TGF-β for 4 days, cells were then collected and plated (at same density) in low attachement plates (see Materials and Methodes). Spheres were counted after 5 days of culture. Right Panel: Huh7 cells were let 4 additionnal days in culture with fresh medium without TGF-β. After those 4 additional days, TGF-β induced CD133+ cells were still able to form spheres in low attachement conditions. (*) indicates P value <0.05.

V. Transdifferentiation to CD133+ cells correlates with a methylome reconfiguration

Having shown that CD133+ cells display a unique DNA methylome, and that TGF-β is able to induce a de novo CD133+ fraction of cells, we further examined the DNA methylome changes induced by TGF-β exposure. To this end, we used the same Infinium 450K platform to interrogate DNA methylation changes induced by 4 days of TGF-β exposure in both, HuH7 and HepG2 cells (Figure 59). In addition, to define the epigenetic persistence of TGF-β effects, we included the DNA from cells released 4 days into normal cell culture medium after the TGF-β treatment. Huh7 and HepG2 cells were treated as described in the upper panel. DNA was extracted, converted with bisulfite treatement, and processed on the Illumina Infinium 450K bead array. For each cell lines, biological triplicates for each conditions were processed (see Materials and Methods).

Our analysis showed that the methylome of HuH7 and HepG2 cells are clearly distinguishable, independently of the experimental conditions (Figure 60), consistent with the CD133 DNA methylation profiling described above (Figure 42). However, in addition to cell type-specific changes we observe striking changes induced by TGF-β in a cell typeindependent fashion. To define a TGF-β-induced DNA methylation signature, we focused on those loci that were significantly hypo or hypermethylated in both cell lines. In addition, we were interested in those changes that were persistent through cell division and stable in the absence of TGF-β. Therefore, we selected significant loci (FDR<0.05) that were differentially methylated at both, 4 days of treatment and 4 additional days after release. Finally, we selected those CpG sites that reached an average difference of at least 5% at day 8 (4 days post-release). This results in a 580 CpG sites signature associated to TGF-β exposure (Figure 62 and Table S3). In addition, differentially methylated sites were classified into different clusters according to their pattern of expression (Figure 61).

Figure 60. A differential methylome distinguishes TGF-β exposed cells to controls.

Heatmap represents all probes differentially methylated (p<0.001; FDR<0.05, delta beta >5%) between control and TGF-β treated cells, in both cell lines, and both time points. Methylation level is expressed in log scale, with higher methylation represented in red and lower methylation shown in blue. The numbers on the right point to 5 different probe clusters selected according to their behavior across all samples. A fraction of each cluster is depicted in more details in Figure 61.

Figure 61. Description of the probe clusters.

Each cluster presented in Figure 60 are detailed for a fraction in order to illustrate some of the significant genes within each category. . Four out of five clusters represented genomic loci consistently hypermethylated after TGF-β treatment in both cell lines (Figure 61). These loci included both de novo DNMTs, DNMT3A

(one CpG site) and DNMT3B (two CpG sites). Differentially methylated sites also included TGF-β-related and chromatin-related genes, such as CDKN1B, COL1A1, TRRAP, HDAC7, ARID3A, and KDM6B. One cluster corresponded to probes significantly hypomethylated after TGF-β exposure, including relevant loci within genes involved in cell migration and inflammation such as CALD1, BMP1, IL18, and IRAK2. The majority of differentially probes were hypermethylated after TGF-β treatment (n= 474; 82%). In a similar way to the CD133 methylome, we found an enrichment of differentially methylated probes in "open sea" and gene body regions (60.3% and 66.7%, respectively) (Figure 63). In addition, these differentially methylated sites in open sea regions are related to gene regulation and many of them are localized in enhancer regions (61.8%). This "open sea enrichment" was even higher for hypomethylated loci (76.1%). Finally hypomethylated loci displayed a high enrichment for enhancer regions (2 fold) (Figure 63). A selection of 6 differentially methylated loci, including DNMTs, were validated using an independent quantitative method, pyrosequencing (Figure 64). Importantly most of the results obtained after pyrosequencing were significantly correlated to the results obtained after the array (P<0.001, Figure 65). We observed a weak correlation for only one CpG locus (located in DNMT3b), but even so the correlation coefficient remain satisfactory (0.83 when all the 6 CpG sites are included, 0.96 when DNMT3b locus is excluded). This correlation indicates that the results obtained after the bead array are fully validated.

We next performed gene ontology analysis and found a notable enrichment in developmental and stemness pathways including Wnt/βcatenin, Notch, Shh/Hedgehog, MAPK and JAK/STAT signaling pathways (Table S4).

Our data shows that the effect of TGF-β in liver cancer cell lines goes in parallel with a remarkable reconfiguration of the DNA methylome at multiple loci. This reconfiguration is stable and common to two independent cell lines, and affects a significant proportion of enhancer regions, potentially linked to gene expression changes. The TGF-β methyl-sensitive signature described here includes DNA methylation players themselves and a significant enrichment of TGF-β pathway loci (Table S3), indicating a potential role for DNA methylation in establishing a TGF-β-induced phenotype switch in these cells. 

VI. TGF-β -induced methylome matches the basal CD133+ methylome and is reflected on mRNA expression

To gain a better insight into the consequences of TGF-β-induced methylome on the phenotype, we performed a whole genome expression analysis in both HuH7 and HepG2 cells. We chose the 8-days time point (4 days of TGF-β treatment + 4 days post-release), considered in our model as the one defining long-term, stable changes induced by this cytokine (Figure 66). Bead array transcriptome analysis showed an expected profile of gene expression in both cell lines, including known TGF-β targets (Table S5) such as,SMAD6 and SMAD7 (respective fold-change 0.62 and 0.69). Moreover gene ontology analysis confirmed that the signature we observed is specific to TGF-β as this pathway was always displayed in the different analysis(Table S5).

Figure 66. Experimental design for whole genome expression study in TGF-β exposed cells.

Whole genome expression analysis was performed after 4 days of TGF-β exposure (+4 days post-release) in both cell lines, as described in Methods. RNA from control and treated conditions was interrogated with Illumina expression bead arrays.

However, when intersecting the expression (n=1032) and methylation (n=242) significant gene lists, there was no significant overlap (26 common genes) (Tables 11 andS6).

Interestingly, a majority of overlapping genes (17 out of 26) was positively correlated between mRNA expression and DNA methylation. This was the case for key TGF-β pathway targets such as BMP1, and de novo DNA methylation factor DNMT3B.

We validated the data obtained for a set of genes by quantitative PCR (Figure 67). The analysis here were done for each cell line separately and thus the change in gene expression between control and TGF-β treated samples are not always significant (in comparison to the statistical analysis for bead array transcriptome that was done using the two cell lines combined together). However data obtained by qPCR were significantly correlated with the data obtained with the bead array transcriptome (p<0.001) (Figure 68). Only two genes in the HepG2 cell line (COL18A1 and HDAC7) presented opposite fold change directions between qPCR and bead array analysis. Nonetheless the overall correlation coefficient was acceptable (0.78 when all the genes were included, 0.88 when COL18A1 and HDAC7 in HepG2 were excluded). In conclusion, this good correlation between qPCR and bead array analyses validated the data obtained after the whole-genome expression array after TGF-β exposure.

Table 11. Correlation between TGF-β-induced DNA methylation signature and gene expression. Fold change (between control and TGF-b samples) for each cell lines separately for 9 genes (BMP1, BRD2, CALD1, CALM2, COL18A1, DNMT3b, ERLIN1, HDAC7 and RERE) were plotted. The dash line delimits values for which the trend of qPCR and WGX are going in opposite direction (<1 for the quantitative PCR analysis and >1 for the whole genome expression array). Correlation was statistically significant (Pearson test).

Our two independent genome-wide experiments have shown that basal CD133+ cells from two liver cancer cell lines display a common methylome signature, and that TGF-β is able in turn to induce a common reconfiguration of the methylome. As TGF-β stably induces a de novo fraction of CD133+ cells, we asked whether the DNA methylation changes induced by TGF-β were similar to the basal CD133+ cells methylation profile, as obtained by FACS sorting from non-treated cell cultures. To answer this question, we studied the overlap between the two signatures (i.e. CD133+ and TGF-β) defined above, common to Huh7 and HepG2 cells. At p values <0.001, the CD133+ signature corresponds to 472 annotated genes, while the TGF-β signature represents 1774 genes. We observed a significant overlap of 117 genes when intersecting both signatures (Figure 69 and Table S7). This overlap is highly significant (p<1.5e-29) and represents 3 times more common sites than expected by chance.

This result suggests that basal CD133+ cells and TGF-β-induced CD133+ cells share a common methylome, potentially involved in sustaining their functional characteristics.

Interestingly gene ontology analysis of this common signature highlights the Wnt/β-catenin, mTOR and Notch pathways (Table S7). Theses pathways were already described in our CD133+ signature and are known to be linked to stem cell phenotype. This analysis suggests that CD133+ cells induced by TGF-β are similar, at the methylome level, to CD133+ cells in basal conditions. Based on this assumption, we next asked whether TGF-β has an effect on the methylome that is independent on those changes that define the CD133+ subpopulation. To answer this question we used all our bead array data, and modeled the main components of methylome variation in a linear regression (as described in Materials and Methods). Assuming that two known factors are able to modify the methylome based on our own results (the cell line of origin and the CD133-status), we included these two variables in the model. In addition, we included the potential effect of TGF-β, independent of the other two factors. Interestingly, this analysis shows TGF-β has an additional effect on the methylome, independent on the induction of CD133+ cells (Table S7).

In summary, TGF-β-induced methylome resembles the basal CD133+ methylome and is partially reflected at the transcriptional level. A subset of TGF-β methyl-sensitive loci positively correlates with gene expression.

I. CD133+ cells represent a distinct sub-population related to cancer stem cells in HCC cell lines.

In the present study, we investigated the characteristics of CD133+ cells in two hepatocellular carcinoma cell lines. Although CD133 is one of the surface markers most consistently used for detection and isolation of putative liver CSCs, it was important to establish in a first step the frequency of expression in our cell lines. CD133 is a well described cell surface marker for stem cells and CSCs from several human tissues (Grosse-Gehling et al., 2013). Even if its own function is not yet fully established, its expression is thus believed to be tightly associated to a specific phenotype (i.e. stem cell phenotype). In this study, we found that CD133 expression on the extracellular surface varies from 2 to 5% (in HepG2) to more than 70 % (in PLC/PRF/5). This variation in the marker expression was not surprising considering that these cell lines, in spite of sharing several properties, are completely independent and harbour some specific features. For Huh7 and HepG2 the percentages we observed by FACS (respectively 15-40% and 2-5%) are similar to what has been reported in the literature [START_REF] Suetsugu | Characterization of CD133+ hepatocellular carcinoma cells as cancer stem/progenitor cells[END_REF][START_REF] Yang | Significance of CD90+ cancer stem cells in human liver cancer[END_REF][START_REF] Zhu | Cancer stem/progenitor cells are highly enriched in CD133+CD44+ population in hepatocellular carcinoma[END_REF], with the exception of [START_REF] Kohga | Expression of CD133 confers malignant potential by regulating metalloproteinases in human hepatocellular carcinoma[END_REF] who detected more than 43% of CD133+ cells in the HepG2 cell line. For PLC/PRF/5 the percentage of CD133+ cells detected by FACS varies significantly between different studies, from zero to 95% (Haraguchi et al., 2010). We have detected a rather high percentage, around 70%, of CD133+ cells for PLC/PRF/5. This variability between the studies for the same cell line can be explained partly through the difference in the antibody used but mainly by long-term and independent cell phenotype evolution of different batches of PLC/PRF/5. It is known that immortalized cell lines continue to accumulate genetic alterations through passages [START_REF] Lin | Suppression versus induction of androgen receptor functions by the phosphatidylinositol 3-kinase/Akt pathway in prostate cancer LNCaP cells with different passage numbers[END_REF][START_REF] Noble | Alterations in the p16(INK4a) and p53 tumor suppressor genes of hTERT-immortalized human fibroblasts[END_REF][START_REF] O'driscoll | Phenotypic and global gene expression profile changes between low passage and high passage MIN-6 cells[END_REF]. Thus, similar experiments conducted on different batches of one cell line with a great gap for number of passages can result in different conclusions. We had a similar finding for the CD44 marker in Huh7: while we observed that the majority (80%) of the cell expresses CD44, only a few percent of positive cells was detected by others [START_REF] Suetsugu | Characterization of CD133+ hepatocellular carcinoma cells as cancer stem/progenitor cells[END_REF][START_REF] Yang | Significance of CD90+ cancer stem cells in human liver cancer[END_REF]. For other markers such as CD90 and EpCAM, the percentage of positive cells matches the observations done by the others studies [START_REF] Kimura | Characterization of the epithelial cell adhesion molecule (EpCAM)+ cell population in hepatocellular carcinoma cell lines[END_REF][START_REF] Piao | CD133+ liver cancer stem cells modulate radioresistance in human hepatocellular carcinoma[END_REF]Yang et al., 2010b).

The expressions of these markers are not mutually exclusive, and the combination of two markers has been investigated in order to refine the identification of liver CSCs. In this way, CD44 and EpCAM have both been used in combination with CD133 in order to better define the CSC population (Chen et al., 2012b;[START_REF] Zhu | Cancer stem/progenitor cells are highly enriched in CD133+CD44+ population in hepatocellular carcinoma[END_REF]. CD133+/CD44+ cells and CD133+/EpCAM+ cells have shown higher tumorigenicity and are more aggressive for metastasis compared to their CD133+/CD44-and CD133+/EpCAM-counterparts. We also examined if the combination of two markers would allow us to define a more precise subpopulation in our cell lines. Unfortunately, we were confronted to the disparity of the marker expression between cell lines and when combining two markers we could not define one subpopulation clearly identifiable in our three cell lines. CD44 expression is close to 80% in Huh7, so in our case the CD44+ population encompasses all the CD133+ population, as

opposed to what has been previously reporter [START_REF] Zhu | Cancer stem/progenitor cells are highly enriched in CD133+CD44+ population in hepatocellular carcinoma[END_REF]. In contrast, CD44+ cells represent less than 1% of the population in HepG2 and PLC/PRF/5 and thus no CD133+/CD44+ cell was detectable by FACS in those cell lines. We encountered the same difficulty for EpCAM, which is expressed at very high level in Huh7 and HepG2 (60% in average) but that is hardly detectable in PLC/PRF/5 (less than 1%). Finally, the CD90+ population was too small in the three cell lines analyzed (less than 0.5%), and therefore could not be detected in combination with another marker.

In summary, based on the consistent literature supporting its use, the ability to detect a discrete cell subpopulation across our cell lines, and the convenience of using a single surface protein for downstream magnetic cell sorting analyses, we chose CD133 as the surface marker that was best suited to pursue our main objectives. Although the study of CSCs by using only one marker is still under debate, the accuracy of CD133 expression to define liver CSCs has been deeply explored in several reports. CD133+ cells have been identified in HCC tumors several times at low frequency (less than 5%) [START_REF] Kim | Human hepatocellular carcinomas with "Stemness"-related marker expression: keratin 19 expression and a poor prognosis[END_REF]Sasaki et al., 2010;[START_REF] Yin | CD133 positive hepatocellular carcinoma cells possess high capacity for tumorigenicity[END_REF][START_REF] Zen | Mixed phenotype hepatocellular carcinoma after transarterial chemoembolization and liver transplantation[END_REF] and their presence was correlated to the disease stage, poor prognosis, lower overall survival and higher recurrence risk. Moreover, in opposite to CD133-cells, CD133+ cells isolated from HCC tumor samples present highest ability to form spheres and express at high level genes related to stemness phenotype (NOTCH, BMI-1, POU5F1, NANOG) (Ma et al., 2008b[START_REF] Ma | miR-130b Promotes CD133(+) liver tumor-initiating cell growth and self-renewal via tumor protein 53induced nuclear protein 1[END_REF]. The CD133 expression in HCC delimitates thus a phenotypically distinct subpopulation that appears to not only support the tumor growth and lead the outcome of the disease but also present specific tumorigenic capacities. These phenotypic characteristics are also present in CD133+ cells from HCC cell lines and additional specific features such as clonogenicity (Haraguchi et al., 2010;[START_REF] Yin | CD133 positive hepatocellular carcinoma cells possess high capacity for tumorigenicity[END_REF], metastatic potential (Ma et al., 2008b) and drug or chemo-resistance have been further

identified [START_REF] Hagiwara | Activation of JNK and high expression level of CD133 predict a poor response to sorafenib in hepatocellular carcinoma[END_REF][START_REF] Piao | CD133+ liver cancer stem cells modulate radioresistance in human hepatocellular carcinoma[END_REF]. The link between stem cell related phenotype and CD133 expression is thus nowadays abundantly established and our aim was to further continue the epigenetic characterization of CD133+ cells in HCC using those previous studies as a baseline.

As a first step, it was important and crucial to ensure that in our in vitro model CD133+ populations did represent a distinct subpopulation related to CSCs. After enrichment using the MACS technology we were able to demonstrate that CD133+ cells express higher levels of the transcripts for NANOG and OCT4 (POU5F1) in three independent cell lines and of SOX2 in two cell lines. In HepG2 and Huh7 cell lines, this expression profile was associated to a higher mRNA expression of the DNA methyltransferases DNMT3A and DNMT3B.

These enzymes are involved in the de novo establishment of DNA methylation marks. It was already shown that regulations in DNMTs expression are linked to the stem cell phenotype:

DNMT3 family members have been reported to be deregulated in cardiac progenitor cells and induced pluripotent stem cells (iPSCs) and this deregulation was directly linked to the acquisition of a stem cell phenotype [START_REF] Chen | Epigenetic Regulation of Cardiac Progenitor Cells Marker c-kit by Stromal Cell Derived Factor-1[END_REF][START_REF] Guo | microRNA-29b is a novel mediator of Sox2 function in the regulation of somatic cell reprogramming[END_REF]. More precisely, the activity of DNMTs has been involved in neural stem cell proliferation [START_REF] Li | DNA methyltransferase mediates dose-dependent stimulation of neural stem cell proliferation by folate[END_REF], and modulation of this activity induced differentiation of both, somatic and embryonic stem cells [START_REF] Banerjee | DNA methyltransferase inhibition induces mouse embryonic stem cell differentiation into endothelial cells[END_REF][START_REF] Mahpatra | Inhibition of DNA methyltransferases and histone deacetylases induces bone marrow-derived multipotent adult progenitor cells to differentiate into endothelial cells[END_REF]. In our study we did not investigate the activity of DNMTs in CD133+ cells, but their higher expression is likely to be associated with a global increase of activity. Globally this observation, taken together with an increase in stemness genes, suggests that CD133+ cells have a distinct phenotype, probably closer to stem cells. We showed that these gene expression profiles are associated to a difference in functionality, as demonstrated by the higher capacity of Huh7 CD133+ cells to produce spheres. The ability for single cells to proliferate and form spheres in low attachment conditions is thought to be restricted to cells with stem cell properties, and is commonly used as a surrogate to in vivo tumor initiating assays [START_REF] Pastrana | Eyes wide open: a critical review of sphere-formation as an assay for stem cells[END_REF]. Thus, this observation validates that CD133 expression can be used as criteria to identify cells with stem cell abilities in Huh7. Unfortunately we were unable to reproduce this result in HepG2, probably due to technical limitations. Practically, our optimization of the MACS protocol to sort CD133+ cells allowed us to increase from 2 to 3 fold the initial percentage of CD133+ cells.

However, considering the small initial percentage of CD133+ cells in HepG2 (from 2 to 5%) this protocol resulted in a maximum of 30% of CD133+ cells in the final enriched fraction (in contrast, we were able to reach 90% of CD133+ cells for Huh7 final enriched fraction). The gap between depleted and enriched fractions for HepG2 was probably not sufficient to observe a difference in the sphere formation ability. However, HepG2 CD133+ cells were already reported to form more spheres and more colonies compared to CD133-cells (Ma et al., 2007). In that study a successful enrichment to 95% purity for CD133+ cells after sorting was reported. Nevertheless, taken together our preliminary results support in a consistent manner that CD133+ cells in Huh7 and HepG2 represent a distinct sub-population related to liver CSCs.

II. CD133+ cells phenotype is associated to a specific DNA methylation signature.

We established that CD133+ cells in Huh7 and HepG2 cell lines express NANOG, OCT4, SOX2, DNMT3A and DNMT3B at significantly higher levels. Our results are consistent with several other studies demonstrating that CD133+ HCC cells have a specific gene expression profile (including NANOG, OCT4 and SOX2) (Ma et al., 2008b[START_REF] Ma | miR-130b Promotes CD133(+) liver tumor-initiating cell growth and self-renewal via tumor protein 53induced nuclear protein 1[END_REF]. Thus, up-regulation not only of stemness genes such as BMI-1, but also of genes involved in stem cell related pathways (i.e Wnt/β catenin pathways, Notch and Hedgehog signalling pathway) and genes involved in drug resistance (i.e. ABC transporter family) has been described in CD133+ cells [START_REF] Ma | miR-130b Promotes CD133(+) liver tumor-initiating cell growth and self-renewal via tumor protein 53induced nuclear protein 1[END_REF]. Specific gene expression profile is likely to be dictated by both the availability and activation of a set of transcription factors in accordance with a specific chromatin profile (including histone modifications and DNA methylation marks). Besides, stem/pluripotent cells are known to harbour some particular epigenetic marks such as hyperdynamic chromatin (in order to preserve the possibility to rapidly differentiate depending of the tissue needs), the presence of bivalent domains possessing both active and repressive histone marks and a global DNA hypomethylation -indeed DNA methylation is usually associated with shutdown of genes that are no longer necessary for the differentiation process (Hernandez-Vargas et al., 2009). Large-scale epigenetic signatures are important because they provide comprehensive and integrative information about mechanisms involved in the cellular phenotype maintenance. For example, methylome analysis of breast CSCs revealed activation of inflammatory pathways for breast CSCs maintenance [START_REF] Hernandez-Vargas | Methylome analysis reveals Jak-STAT pathway deregulation in putative breast cancer stem cells[END_REF]. DNA methylation signature can also serve as criteria for phenotype classification. In this manner, when no true genetic-based classifications are available for liver cancer, DNA methylome analyses were shown to be able to classify tumors according to their grade and to their etiology (Hernandez-Vargas et al., 2010;Lambert et al., 2011). This last observation underlies the fact that, as epigenetic marks are inheritable through cell divisions, epigenetic signatures can also provide information on the origin of the cell. Thus, epigenetic signature characterization provides a strong and powerful tool to define one cellular or tissue phenotype. Our observation, never reported before, that the enzymes involved in de novo DNA methylation, DNMT3A and DNMT3B are over-expressed in CD133+ cells strongly suggests that this subpopulation harbours a specific DNA methylation program.

Except for a global LINE-1 demethylation [START_REF] Zhang | Elevated expression of the stem cell marker CD133 associated with Line-1 demethylation in hepatocellular carcinoma[END_REF], no epigenetic signature has been yet investigated for CD133+ liver CSCs. Only one study investigated the methylation in the side-population (SP) for Huh7 and PLC/PRF/5 cell lines [START_REF] Zhai | Analysis of the genomewide DNA methylation profile of side population cells in hepatocellular carcinoma[END_REF]. The DNA methylation array used in this study restricted the analysis to CpG islands within gene promoters. A common signature of 72 hypermethylated loci and 181 hypomethylated loci was described for Huh7 and PLCR/PRF/5. Here, we performed an Illumina Infinium 450K beads arrays assay, on CD133+ HCC derived cells, that interrogates more than 480,000 CpG sites for DNA methylation status among the entire genome (including intergenic regions)

and for CpG sites comprised no only in CpG islands but also in shores, shelves or open seas.

Our analysis using this array revealed an unique DNA methylation signature in CD133+

HCC-derived cells of 608 differentially methylated sites (with an averaged delta beta > 5%).

Although theses probes were associated with a good p-values (<0.001), the FDR were higher (0.58). These values reflect probably the minimal number of samples (2 cell lines and 2 biological duplicates per cell line), and therefore, the variability between replicates.

However, the analysis of the localisation of the differentially methylated probes was consistent with the CSCs phenotype. First, CD133 itself (PROM1) was found hypomethylated in CD133+ cells (7.9% in HepG2 and 4.4% in Huh7). Although the difference of methylation is modest, the concerned locus is localized in a CpG island within the promoter and therefore is likely to be involved in the increase of CD133 expression that we detected in Huh7 and HepG2 CD133+ cells. This promoter hypomethylation was already described in CD133+ Huh7 cells (You et al., 2010b), and in a more extensive way in other CD133+ CSCs such as glioblastoma [START_REF] Tabu | Promoter hypomethylation regulates CD133 expression in human gliomas[END_REF] and neuronal CSCs [START_REF] Schiapparelli | Analysis of stemness gene expression and CD133 abnormal methylation in neuroblastoma cell lines[END_REF] and has also been correlated to CD133 expression. Our results, with these previous observations, indicate thus that CD133 expression is regulated by methylation on its promoter. Besides, our pathway analyses revealed a significant enrichment in genes involved in Akt, Wnt, Hedgehog and mTOR signaling pathways. As described in the introduction, previous mechanistic studies and gene expression arrays already reported and validated the deregulation of these pathways in liver cancer CD133+ cells [START_REF] Ma | Identification and characterization of tumorigenic liver cancer stem/progenitor cells[END_REF](Ma et al., , 2008b;;[START_REF] Yang | Transient mTOR inhibition facilitates continuous growth of liver tumors by modulating the maintenance of CD133+ cell populations[END_REF]. Our results could be further consolidated by a precise comparison between CD133+ transcriptome and our DNA methylation signature. Others pathways involved in DNA repair, telomerase function, immortality and cell aging were also displayed and are known to be required for establishing cancer and stem cell phenotypes. The presence in CD133+ signature of genes involved in these pathways and these processes is thus not surprising and supports the idea that this methylome signature is linked to a CSC phenotype. Moreover, analyses for enrichment in genes regulated by common transcription factors revealed that several genes differentially methylated in CD133+ cells are regulated by OCT4 (POU5F1) (Table S2). This transcription factor is known to be essential for establishment and maintenance of the stem cell phenotype. Taken together, these results sustain the reliability of our analyses and link the CD133+ methylation signature to the recognized properties of CSCs or stem cells. Moreover, it confirms the importance of these mechanisms (activation of developmental pathways, increased DNA repair efficiency and stem cell transcription factor expression) in CSCs and suggests that they are regulated through DNA methylation.

We observed that globally CD133+ cells are hypomethylated (84%) compared to CD133cells. While we did not compare hypomethylation to gene expression, this general hypomethylation may be correlated to a more "open chromatin" state, that may coincide with the transcriptionaly permissive state previously described in stem cells (Hernandez-Vargas et al., 2009).

Comparing our signature to the DNA methylation profile obtained by [START_REF] Zhai | Analysis of the genomewide DNA methylation profile of side population cells in hepatocellular carcinoma[END_REF] in CpG islands but also in shore, shelves and open sea regions. This can explain first why we obtained a bigger signature (608 versus 253 loci) and that even for the few genes that we found in common, the probe were not necessarly localized in the same region which can explain that the changes in DNA methylation are not similar (for example, a gene can be both subjected to promoter hypermethylation and gene body hypomethylation).

Beyond pathways and molecular characteristics linked to stem/pluripotent phenotype, differentially methylated sites are related to many genes involved in inflammation.

Inflammation is known to be involved in carcinogenesis, liver progenitor activation and several types of CSCs including breast, brain and blood (Iliopoulos et al., 2009;[START_REF] Naka | TGF-beta-FOXO signalling maintains leukaemia-initiating cells in chronic myeloid leukaemia[END_REF][START_REF] Peñuelas | TGF-beta increases glioma-initiating cell self-renewal through the induction of LIF in human glioblastoma[END_REF]. But as for liver cancer, interaction between inflammation and CSCs has not been well explored. One study (by You et al., 2010) reported that in liver cancer TGF-β supports the expression of CD133 through demethylation of its promoter. The methylation signature characterized in our study provides a strong connection between inflammatory pathways and CSCs. We observed differentially methylated sites within genes involved in JAK/STAT, p38 MAPK, NF-κB, TGF-β and several interleukins signaling pathways. More precisely, the genes involved in IL-6 and TGF-β signaling pathways were differentially methylated between CD133+ and CD133-cells and included SMAD3, SMAD4, STAT3, JAK2, IL-6, TGF-β1, TGFβRI and TGFβRII. Naturally, this methylation profile does not necessary correlate with a constitutive activation of these pathways and indeed for TGFβ and IL-6 signalling pathways we did not detect a consistent higher expression of their respective target genes in Huh7 and HepG2 CD133+ cells . If this DNA methylation profile for IL-6 and TGF-β related genes is not correlated with gene expression it can still constitute a permissive/restrictive chromatin state that will condition the cellular response to any future exposition to these cytokines. Together our results provide the evidence for the existence of a link between CSCs and inflammation, although further studies are needed to elucidate the exact nature of this interaction.

III. CD133+ liver CSCs are triggered by TGF-β.

After the observation that in CD133+ cells the DNA methylation signature highlights inflammatory pathways, we explored the link between inflammation and CD133+ cells in HCC cell lines. Because TGF-β displays multipe roles in HCC progression and also was associated to CSC phenotype in other tissues [START_REF] Cao | Tissue transglutaminase links TGF-, epithelial to mesenchymal transition and a stem cell phenotype in ovarian cancer[END_REF][START_REF] Wang | Transforming growth factor-regulates the sphere-initiating stem cell-like feature in breast cancer through miRNA-181 and ATM[END_REF], we focused our study on this cytokine. Although the TGF-β signaling pathway was not the most affected by DNA methylation deregulation in CD133+ cells, analyses of transcription factors binding sites revealed that several differentially methylated genes possess binding sites for SMAD3, SMAD2 or SMAD4 (Table S2). As suggested earlier, this methylation profile could mean that CD133+ cells harbour marks on TGF-β target genes and thus would respond differently to TGF-β stimulus different from their CD133-counterparts. Indeed, it has been suggested that DNA methylation marks do not always have an immediate and direct impact on gene expression, but would instead anchor the intention for gene expression by settling an appropriate chromatin structure. Consistent with this notion, hypomethylation may provide a permissive structure for gene expression and hypermethylation may irrevocably lock the gene silencing. In this manner, the DNA methylation profile in CD133+ cells could condition their response to TGF-β exposure. As an example, Kabashima et al., (2009) compared the effectiveness of TGF-β induced EMT between side population (SP) and middle population (MP) in pancreatic cancer and demonstrated that the SP was much more sensitive to TGF-β-induced phenotypical switch. This link between TGF-β and stem cell phenotype via EMT regulation has also been shown to support CD133+ CSC phenotype in lung cancer [START_REF] Pirozzi | Epithelial to mesenchymal transition by TGFb-1 induction increases stemness characteristics in primary non small cell lung cancer cell line[END_REF]. We were able to demonstrate that TGF-β exposure is able to increase the number of CD133+ cells in Huh7 and HepG2. Although the induction of CD133+ cells in Huh7 was already described by You et al. (2010) our study demonstrated the stability of the effect and the generality of this phenomenon in an independent cell line. We designed an in vitro model, where after the treatment of TGF-β we included several days of "rest" in fresh new media. We further utilized this model on CD133-cells and demonstrated that TGF-β

was not only able to increase but also to induce CD133+ cells that persisted for long time, consistent with TGF-β-mediated setting up of long-term memory system..

Although in Huh7, CD133-cells presented the ability of transdifferentiation into CD133+ cells in the absence of any treatment, in HepG2 it was not the case. Nevertheless, homeostasis between CSCs and non-stem cancer cells was already investigated in breast and colon cancer. In both studies non-stem cells presented natural ability to dedifferentiate in CSCs, and inversely CSCs were able to produce non-stem cancer stem (Chaffer et al., 2013;[START_REF] Yang | Dynamic equilibrium between cancer stem cells and non-stem cancer cells in human SW620 and MCF-7 cancer cell populations[END_REF]. The interconnection between the two populations was stabilized to equilibrium. Interestingly these two studies demonstrated that downregulation of TGF-β itself or ZEB1 (an EMT mediator) were able to disturb this process. Inversely, the addition of TGF-β was only able to accelerate the rate of transdifferentiation but not to change the final homeostatic state. Comparing these results with our own observations, it appears that Huh7 cells possess this homeostasis state between CD133+ and CD133-cells (4 days after depletion of CD133+ cells, the percentage of CD133+ cells reached the initial level and did not change after 8 days). However here TGF-β seems to do more than just accelerate the recovery of the initial ratio between CD133+ and CD133-cells as after 4 days the number of CD133+ cells was higher than in the untreated population and that this number continued to increase at day 8 even after the end of the treatment. In our model, TGF-β seems thus to disturb the homeostasis between CSCs and non-stem cancer cells in favour of CSCs. This deregulation is likely to involve a complex transdifferentiation mechanism.

The level of both CD133 protein and mRNA remained elevated 4 days after the end of TGF-β treatment, demonstrating that in this case TGF-β did not induce a short and limited response, but truly supported a cellular transdifferentiation that is maintained after the end of the stimulus. Cellular morphology after TGF-β treatment was also altered: both Huh7 and HepG2 cells became more elongated mimicking EMT morphology. Interestingly, this morphological switch was maintained after the end of the treatment (data not shown), meaning that beyond the CD133+ transdifferentiation TGF-β is inducing a global switch in cellular phenotype and this switch appears to be stable. Furthermore, for comparison we also performed these experiments with IL-6. This pro-inflammatory cytokine is well known for being involved in liver cells proliferation and for breast CSCs initiation (Iliopoulos et al., 2009). It was thus interesting to compare the effects of this cytokine on CD133+ cells to these of TGF-β. Interestingly, while IL-6 displayed similar ability as TGF-β to increase CD133+ cells, its effect was not stable after the end of the treatment. This indicates that IL-6 has a transient effect and cannot induce a permanent transdifferentiation (unlike for breast CSCs), likely reflecting the differences between tissues and the fact that the cellular context can influence cytokine effects. Furthermore, the comparison between Il-6 and TGF-β brings forward several hypotheses regarding their respective mechanisms to induce CD133+ cells.

First, IL-6 effect disappears shortly after the release from the cytokine exposure. Second, in HepG2 cells where CD133-cells were not capable of spontaneously transdifferentiating into CD133+ cells, IL-6 cannot induce CD133+ cells. This argues that in Huh7, IL-6 does not really induce CD133+ cells but may just increase the proliferation of naturally induced CD133+ cells, whereas in HepG2 where there is no de novo formation of CD133+ IL-6 has no effect. In our model, IL-6 seems to have a transient proliferative effect on CD133+ cells and on the CD133+/CD133-cell homeostasis. In contrast, in Huh7 TGF-β significantly decreased the cell proliferation rate during the treatment and cell proliferation re-accelerated after the release of the cytokine. This indicates that in Huh7 the induction of CD133+ cells does not rely on a proliferative effect on de novo formed CD133+ cells. For HepG2 cells, no effect on the cell proliferation rate was observed. Therefore, besides the difference observed in HepG2 and Huh7 for de novo CD133+ cells induction, we can conclude that for both cell lines the effect of TGF-β on CD133+ cells does not involve changes in cellular proliferation and that the stability of the effect is not due to an inhibition of cell divisions. This last observation is critically important as it means that the transdifferentiation from CD133-to CD133+ phenotype can be transmitted through cell divisions. Moreover we showed as You et al. that the Huh7 CD133+ cells induced after TGF-β treatment are able to produce spheres. We confirmed these results in HepG2 and further demonstrated that this capacity is maintained after the end of the treatment. In contrast, a study on breast cancer cells showed that TGF-β is able to stably induce EMT phenotype but that the effect on mammosphere formation was only transient and was lost at the end of the treatment [START_REF] Dunphy | Oncogenic transformation of mammary epithelial cells by transforming growth factor beta independent of mammary stem cell regulation[END_REF]. This again highlights the importance of the cellular context and the importance of functional assays to define CSCs. Together our results demonstrate that TGF-β does not only induce the expression of CD133 marker, but induces a comprehensive and stable cellular reprogramming tightly linked to CD133+ liver CSC phenotype.

IV. TGF-β treatment induces a global and stable DNA methylation program.

We were able to demonstrate that TGF-β treatment can induce a stable reprogramming resulting in an increase of CD133+ CSCs. The stability of this reprogramming (including the up-regulation of DNMT3A and DNMT3B) is consistent with an epigenetically-induced change of phenotype. In particular, it indicates that TGF-β could act through DNA methylation mechanisms. TGF-β has already been described to act on gene expression through epigenetic mechanisms such as microRNAs regulation and histone modifications [START_REF] Mcdonald | Genome-scale epigenetic reprogramming during epithelial-to-mesenchymal transition[END_REF]. DNA methylation changes after TGF-β treatment have also been investigated and some specific genes have been described as targets for DNA methylation changes [START_REF] Dong | G9a interacts with Snail and is critical for Snail-mediated E-cadherin repression in human breast cancer[END_REF][START_REF] Eades | miR-200a regulates SIRT1 expression and epithelial to mesenchymal transition (EMT)-like transformation in mammary epithelial cells[END_REF][START_REF] Kim | CREB/ATF-dependent T cell receptor-induced FoxP3 gene expression: a role for DNA methylation[END_REF][START_REF] Thillainadesan | TGF-dependent active demethylation and expression of the p15ink4b tumor suppressor are impaired by the ZNF217/CoREST complex[END_REF][START_REF] Yeh | Aberrant TGF /SMAD4 signaling contributes to epigenetic silencing of a putative tumor suppressor, RunX1T1 in ovarian cancer[END_REF]You et al., 2010b). Some studies however reported no methylation change after TGF-β treatment, suggesting that this mechanism is not indispensible for TGFβ-induced changes in gene expression [START_REF] Acun | SIP1 is downregulated in hepatocellular carcinoma by promoter hypermethylation[END_REF][START_REF] Akool | Nitric oxide induces TIMP-1 expression by activating the transforming growth factor beta-Smad signaling pathway[END_REF]Dumont et al., 2008;[START_REF] Mcdonald | Genome-scale epigenetic reprogramming during epithelial-to-mesenchymal transition[END_REF][START_REF] Pen | Glioblastoma-secreted factors induce IGFBP7 and angiogenesis by modulating Smad-2-dependent TGF-beta signaling[END_REF][START_REF] Wakabayashi | Histone 3 lysine 9 (H3K9) methyltransferase recruitment to the interleukin-2 (IL-2) promoter is a mechanism of suppression of IL-2 transcription by the transforming growth factor--Smad pathway[END_REF]. In those cases where TGF-β's effect is correlated with DNA methylation changes, TGF-β seems to be able to induce both hyper-and hypo-methylation and these changes correlate with respectively down-and up-regulation of gene expression. Overall, these TGF-β-related DNA methylation changes were only reported for few genes in independent studies and a complete landscape of DNA methylation changes after TGF-β is still lacking. Here for the first time, using the Infinium Illumina 450K technology we revealed a global DNA methylation signature induced by TGF-β in HCC cell lines. Interestingly, with our in vitro model we were able to define a DNA methylation signature that is stably propagated even after the end of the treatment. Using selective criteria (p <0.001, FDR<0.05 and averaged delta beta >5% 4 days after the end of the treatment) we were able to define a signature of 580 loci (representing more than 400 genes) differentially methylated after TGF-β treatment. If we compare our results with previous studies it is interesting to note that studies that did not report any DNA methylation change after TGF-β used experimental models where TGF-β's effect was transient. In particular Dumont et al. (2008), analyzed different models (reversible or not) of EMT and they reported that E-Cadherin silencing was associated to DNA methylation only when the EMT phenotype had been induced in a permanent manner. In As described above, some target genes of TGF-β, such as TWISTNB, BMP1 and SKI were found to be a part of our signature, and the TGF-β pathway itself was observed in the gene ontology analyses. Thus we confirmed that the known targets of TGF-β can be regulated through epigenetic mechanisms involving DNA methylation. Interestingly, the gene ontology analyses revealed notable pathways such as Wnt/βcatenin, Notch, Shh/Hedgehog, MAPK and JAK/STAT signaling pathways. Several of these pathways have already been described to interact with the TGF-β signaling pathway [START_REF] Cai | BMP and TGF-pathway mediators are critical upstream regulators of Wnt signaling during midbrain dopamine differentiation in human pluripotent stem cells[END_REF][START_REF] Hussey | Establishment of a TGF -induced post-transcriptional EMT gene signature[END_REF][START_REF] Kurpinski | Transforming growth factor-beta and notch signaling mediate stem cell differentiation into smooth muscle cells[END_REF][START_REF] Maitah | Up-regulation of sonic hedgehog contributes to TGF-1-induced epithelial to mesenchymal transition in NSCLC cells[END_REF][START_REF] Matsuno | Notch signaling mediates TGF-b1induced epithelial-mesenchymal transition through the induction of Snai1[END_REF]Zhou et al., 2012a). DNA methylation profile could thus be one of the mechanisms involved in the cross-talk between these pathways.

TGF-β is known to be able to fully reprogram cell and to set up a new gene expression profile (notably during EMT) but the mechanisms involved in this reprogramming are not understood. As mentioned before, several studies demonstrated that for specific genes TGFβ regulates gene expression through remodelling the chromatin (i.e. by influencing histone modification marks) [START_REF] Mcdonald | Genome-scale epigenetic reprogramming during epithelial-to-mesenchymal transition[END_REF]. Analysis of the biological function of our differentially methylated genes after TGF-β treatment highlight categories related to gene expression regulation, cell differentiation regulation and regulation of transcription. All these functions are consistent with the notion that TGF-β could induce a reprogramming of the cellular transcription programme and that this reprogramming may rely on the establishment of a specific DNA methylation signature. This is supported by the observation that many genes in our list are involved in chromatin remodelling (TRRAP, HDAC7, PRDMs and KDM6B). Moreover, DNMT3B gene itself was found to be differentially methylated in TGF-β-treated cells. Therefore, the presence of genes involved in chromatin remodelling and epigenetic mark deposition suggest that TGF-β may directly modulate gene expression through DNA methylation but also could act indirectly by regulating expression of chromatin remodelers (through DNA methylation) and that this may further expand TGF-βinduced transcription reprogramming through modifying the chromatin context and the gene expression of many other genes.

Detailed analyses revealed that the majority of the CpG were hypermethylated (82%) after TGF-β treatment. Globally, the differentially methylated sites were found in open sea regions (1.6 fold enrichment) and this enrichment was even higher in hypomethylated regions (2,1 fold enrichment). In addition, these differentially methylated sites in open seas may be related to gene regulation because many of them are localized in enhancer regions (61%). As for the hypomethylated sites, an 2.1 fold enrichment for enhancer regions was observed and included genes such as BMP1 and IRAK2 (involved in inflammatory response). Interestingly these hypomethylated enhancer loci were often localized in the gene body region and the same was observed for hypermethylated sites. For example, hypermethylation within KDM6B, PRDM, HDAC, TRRAP and SKI genes predominantly takes place in enhancers localized in gene body regions. These observations suggest that many TGF-β methylsensitive sites are localized in regulatory regions that are not necessarily within CpG islands and promoter regions. This analysis should be further expanded with a genome expression investigation in order to assess the regulatory potential of these CpG sites. Nevertheless, these findings underscore the importance of not restricting DNA methylation analyses to CpG islands and promoter regions.

V. Correlation between TGF-β induced DNA methylation signature and gene expression.

We demonstrated that TGF-β treatment can induce a stable DNA methylation signature. To further determine if this signature is linked to a specific gene expression profile, we performed a whole genome expression array on Huh7 and HepG2 cell lines. Based on our previous analysis of DNA methylation signature after the release of TGF-β, we selected only the last time point (at day8) to monitor gene expression changes linked to permanent epigenetically-induced modifications. We extracted a signature of 1032 significantly deregulated genes that included some known TGF-β target genes such as BMP1, BMP4, BMPR2, SMAD6 and SMAD7. Interestingly SMAD6 and SMAD7, both of which inhibit the SMAD3/SMAD2 intracellular signal, were both up-regulated and none of the main actors of the TGF-β signaling (TGF-βR1, TGF-βRII, SMAD2, SMAD3, SMAD4, TGF-β1, TGF-β2 and TGF-β3) were found in the signature. It suggests that the TGF-β signaling may be shut down after the release of the cytokine and this inactivation could involve SMAD6/SMAD7. This hypothesis is supported by qPCR results that showed up-regulation of TGF-β target genes just after the treatment (day 4 time point) but no longer after the release of the cytokine (day 8 time point). Thus TGF-β signalling pathway appears to be activated only during the treatment and the gene expression profile obtained would truly reflect the new transcription program stably established after TGF-β exposure. In addition, this gene expression signature displays an up-regulation for both CD133 (PROM1) and DNMT3B. This validated our previous observations and strengthen the notion that these proteins play an important role in TGF-β induced cell reprogramming.

To test whether the DNA methylation changes affect gene expression, we analysed the correlation between the two profiles. We observed that only a small fraction of differentially expressed genes can be attributed to changes in DNA methylation at their loci (26 genes).

Several possibilities can explain this observation. First, this gene expression profile is sustained by other epigenetic mechanisms such as histone marks and microRNAs. As previously mentioned, TGF-β has already been shown to regulate gene expression through these processes. Second, the gene expression profile we observed may not be directly linked to the DNA methylation signature, but instead may be the outcome of secondary effect of these genes directly targeted by DNA methylation Indeed, as mentioned earlier, we observed that several DNA methylation changes occur in genes related to chromatin remodelling and histone modifications and this could in turn modulate the chromatin context for gene transcription.

In addition, the changes in gene expression might be too subtle to be detected in our analysis. Finally, as discussed before, DNA methylation profile, in particular DNA hypomethylation, is not directly linked with gene expression but can constitute an imprint that will condition gene expression regulation in response to future stimulus. Nevertheless, the possibility that those DNA methylation marks are just irrelevant and/or random and do not contribute to the transcriptional profile induced by TGF-β should also be considered.

For these genes present in both expression and methylation signatures it is interesting to note that the correlation between DNA methylation and expression is more often positive ( 17genes on 26) whereas DNA methylation state is typically inversely correlated with gene expression. The development of new array technologies that interrogate CpG sites across the entire genome and not only on gene promoters rendered the relation between DNA methylation and gene expression more complex (Varley et al., 2013). Whereas DNA methylation on gene promoters is often, yet not always, inversely correlated with gene expression, DNA methylation within gene body is usually positively correlated with gene expression [START_REF] Maunakea | Conserved role of intragenic DNA methylation in regulating alternative promoters[END_REF]. Concerning the positively correlated genes in our data DNA methylation occurs in gene body (82%), whereas for the negatively correlated genes only 30% display DNA methylation changes in promoter or associated regulatory regions (like 5'UTR). However, for 3 out of 6 inversely correlated genes where the DNA methylation changes occured in gene body, methyl-sensitive loci are localized in enhancer regions that are also considered as regulatory regions. This highlights the need of not restricting DNA methylation analysis to promoter. In conclusion, the association between CpG site localization, DNA methylation status and gene expression is complex and would required further investigations to fully elucidate the link between DNA methylation and gene expression.

VI. TGF-β induced DNA methylation contributes to establish the CD133+ CSCs phenotype in liver cancer.

We demonstrated that CD133+ cells harbour a specific DNA methylation signature, that TGF-β can induce transdifferentiation of CD133+ cells, and that this transdifferentiation is accompanied by a methylome reconfiguration. To determine if this TGF-β methylome signature is related to the CD133+ phenotype induction, we analyzed the overlap between the two signatures (CD133+ and TGF-β). Among the 494 annotated genes differentially methylated in CD133+ cells and the 1774 differentially methylated genes after TGF-β treatment, a highly significant overlap of 117 genes was observed (p<1.5e29). This indicates that CD133+ cells and TGF-β-induced CD133+ cells share an important part of their methylome and thus are likely to be phenotypically and functionally similar (as discussed before, the ability of TGF-β-induced CD133+ cells to form spheres sustain this hypothesis).

Interestingly gene ontology analysis of this common signature highlights the Wnt/β-catenin, mTOR and Notch pathways. These pathways were already revealed independently in the two DNA methylation signatures. The relation between the genes of the common signature to these pathways supports the hypothesis that they are tightly linked to the CD133+ CSC phenotype but also suggests that they could represent the active molecular mechanisms by which TGF-β induces CD133+ liver CSCs. More precisely NOTCH4 (the gene encoding a receptor of the Notch signaling pathway) was present in the common signature, and could represent a good candidate to link liver CSCs and TGF-β. In HCC, NOTCH4 was found to be deregulated [START_REF] Gao | Deregulated expression of Notch receptors in human hepatocellular carcinoma[END_REF] and has been proposed as a marker for poor prognosis [START_REF] Ahn | Notch1 and Notch4 are markers for poor prognosis of hepatocellular carcinoma[END_REF]. Interestingly, in breast cancer, NOTCH4 expression appeared to be essential for CSCs maintenance [START_REF] Harrison | Regulation of breast cancer stem cell activity by signaling through the Notch4 receptor[END_REF]Yu et al., 2012a). In addition NOTCH4 expression in breast CSCs have also been correlated to EMT marker expression (Yu et al., 2012b) and finally several studies reported possible interaction between the Notch and the TGF-β signaling pathways [START_REF] Sun | Notch4 intracellular domain binding to Smad3 and inhibition of the TGF-beta signaling[END_REF][START_REF] Tang | Notch and transforming growth factor-beta (TGFbeta) signaling pathways cooperatively regulate vascular smooth muscle cell differentiation[END_REF]. NOTCH4 expression could thus represent one of the molecular connections between TGF-β and CD133+ cells. The exact role of genes found in this common DNA methylation signature requires further investigations.

In spite of this overlap, there is a significant number of differentially methylated sites after TGF-β treatment that were not observed in the CD133+ methylome profile. This was confirmed by the linear regression of all our arrays that shows that besides methylation changes imputable to the cell line origin or the CD133 expression, many differentially methylated loci were only related to TGF-β treatment (see Materials and Methods for the analysis). In addition to CSC phenotype, TGF-β is involved in several other biological processes including differentiation, cell cycle arrest and EMT. These processes are linked to important changes in cell fate decision and thus are sustained by a specific transcriptional program. But as discussed before, the mechanisms underlying these transcriptional programs are not fully elucidated. In addition to histone marks and microRNAs, our analysis indicates that DNA methylation can play a role in the establishment of TGF-β-induced phenotypes.

As we already mentioned, TGF-β's effect strongly depends on the cellular context. Further experiments on isolated CD133+ and CD133-cells should advance our understanding of TGF-β mechanisms in different cell subpopulations (to compare precisely the effect on their respective methylome, for example). Furthermore, although TGF-β-induced CD133+ cells shared many properties with natural CD133+ cells (DNMTs expression, sphere formation ability, differentially methylated genes), these two populations might be not identical.

Although several studies have shown that CSCs can be involved in metastatic processes, some observations have raised the possibility that "metastatic CSCs" may differ from the CSCs involved in tumor initiation [START_REF] Beck | Unravelling cancer stem cell potential[END_REF]Visvader and Lindeman, 2012).

As TGF-β is one of the main factors involved in EMT induction, one might wonder if TGF-βinduced CD133+ cells are identical to the initial liver CD133+ cells. The cellular morphology changes observed after TGF-β treatment are clearly linked to an EMT phenotype, and could indicate that in our model TGF-β does not only induce a CSC phenotype but also promotes EMT. Indeed EMT process is often described as a mechanism of dedifferentiation with reacquisition of stem cell markers and stem cell phenotype [START_REF] Eastham | Epithelialmesenchymal transition events during human embryonic stem cell differentiation[END_REF][START_REF] Katsuno | TGF-signaling and epithelial-mesenchymal transition in cancer progression[END_REF][START_REF] Mani | The epithelial-mesenchymal transition generates cells with properties of stem cells[END_REF]. This notion may also explain why the two methylation signatures overlap only partially, as TGF-β-induced CD133+ cells signature may encompass other specific marks linked to EMT processes. Further experiments such as immunostaining for EMT markers (Vimentin, SNAIL, ZEB1 and TWIST) are necessary to answer this question. In any case it will be interesting to use this two DNA methylation signatures to characterise CD133+ cells in human liver tumor samples and to observe if these cells are more related to one of these two profiles.

VII. Further mechanistic studies.

Through two genome wide methylome analyses and a subsequent series of mechanistic studies we provided a strong evidence that CD133+ CSCs in HCC cell lines can be triggered by TGF-β and that this relies on a global DNA methylation reprogramming. On the other hand, CD133+ cells signature contains genes that encompass binding sites for members of the SMAD family. Curiously our expression analysis did not reveal any association between DNA methylation and expression of TGF-β target genes in CD133+ cells. In addition treatment of Huh7 and HepG2 cells with TGF-β inhibitor did not induce any change in CD133+ population, supporting the hypothesis that the pathway is not activated in natural CD133+ cells. Moreover during CD133+ cells induction by TGF-β, we did observe an increase of TGF-β target genes during the treatment but not beyond the replacement with fresh medium, indicating that the TGF-β pathway is activated only during the period of treatment. This observation argues that TGF-β is only necessary for the initiation of the CD133+ phenotype but that once this reprogramming is established, it is transmitted through cell divisions. The imprints related to TGF-β observed in CD133+ cells DNA methylation signature may thus represent a past exposure to this cytokine during their initiation. But it can also signify that CD133+ cells possess a favourable epigenetic landscape to efficiently respond to any new exposure to TGF-β that would in turn serve to the tumor growth. This suggestion is linked to the global observation that TGF-β effect depends on the cell type and cellular context, and that in the tumor mass, CSCs may represent a more sensitive population that will act in synergy with TGF-β. However although we demonstrated that DNA methylation plays a role in this CD133+ phenotype induction, we did not investigate to what extend this mechanism is essential for reprogramming. To this end, a treatment with DNMT inhibitor during TGF-β induction of CD133+ cells would allow to establish if this transdifferantiation is fully or partially dependant on DNA methylation.

To better understand the mechanisms by how TGF-β induces a DNA methylation reprogramming, the links between SMAD binding on the DNA (that represent the terminal step of the TGF-β signal) and the DNA methylation machinery should be elucidated. In previous reports describing that TGF-β target can be regulated by DNA methylation, the binding of DNA methylation writers/erasers (i.e DNMT3A, DNMT3B, DNA glycosylase) on target gene promoters was observed upon TGF-β treatment. However none of these studies investigated how DNA methylation writers were recruited. It is thus essential to determine if these TGF-β methyl sensitive regions could be directly recognized by SMAD proteins that will in turn recruit DNA methylation factors.

We performed preliminary experiments (employing pyrosequencing) on Huh7 to determine when the DNA methylation signature was established during the 4 days of TGF-β treatment.

Our first results on selected genes (Figure 70) suggested that after one day of treatment no change occurred, however after 2 days the DNA methylation profile seems to be almost fully established. These results suggest that DNA methylation is established during a time window of 24h. We can further use this window to perform ChIP for SMAD/ DNMT and TET proteins on selected sites in order to determine the sequence of events that takes place from TGF-β signaling activation to DNA methylation. In HCC, CD133+ cells have been intimately linked to cancer stem cells (CSCs). CD133+ cells appear to be involved in the tumor initiation and the tumor growth but so far there has been a lack of studies to understand their molecular characteristics and the mechanisms involved in their maintenance. Because it is known that DNA methylation profile is involved in cell phenotype, this project aimed to characterize the DNA methylation profile of CD133+ cells in liver cancer cell lines and to demonstrate that inflammatory microenvironment-related cytokines can be associated to the mechanisms involved in their initiation/maintenance.

In order to conduct mechanistic studies, we choose to work with in vitro models. We demonstrated that CD133 is a marker of distinct subpopulation in two independent HCC cell lines and we established a link between CD133 expression and stemness properties by

showing that CD133+ cells express stemness markers and are able to grow in low-attachment conditions.

Thereafter, we explored the epigenetic characteristics of CD133+ cells, focusing our investigations on DNA methylation. We observed that CD133+ cells differentially express genes involved in the DNA methylation machinery (DNMT and TET proteins) and that CD133+ cells display a distinct DNA methylome linked to specific cellular pathways.

Cellular pathways revealed by CD133+ methylome analysis were notably enriched in inflammatory pathways including the TGF-β/SMAD signaling pathway. Subsequently we analyzed the effect of TGF-β exposure on CD133+ populations and demonstrated that TGF-β was able to induce CD133 expression (at both mRNA and surface protein levels) in HCC cell lines. This induction was stable over cell divisions (in contrast to IL-6) and associated to functional stemness properties (growth in low attachment conditions) as well as dependent on the TGFBRI receptor signal transmission.

TGF-β exposure was also accompanied with an increase in expression for genes involved in DNA methylation machinery. In consequence we explored global DNA methylation changes stably induced by TGF-β. We described a unique methylation profile induced by TGF-β in HCC cell lines and our analyses revealed that this profile is closely linked to TGF-β function and partially explains TGF-β-induced gene expression.

Finally comparison between the two DNA methylation signatures (CD133+ and TGF-ß) revealed a significant overlap of 117 genes that display links with pathways related to stem cell.

We can propose a model in which a natural balance between non-stem cancer cells (such as CD133-) and cancer stem cells (CD133+) cells exists and where exposition to TGF-β would alter this balance in favor of CD133+ cells (Figure 71). Loss of balance results in an increase in CSCs population within the tumor mass which would in turn serve the tumor growth by increasing its aggressiveness and accelerating metastasis.

The second part of the model proposes how TGF-β induces cancer stem cells through DNA methylation mechanisms (Figure 72). As DNMT and TET proteins are already known to be recruited on genes after TGF-β treatment, we proposed that SMAD binding on regulatory regions (such as enhancer) would participate in DNMT or TET recruitment to establish a new DNA methylation program. This new methylome would further support the establishment of a CSC phenotype through expression of stem-cell related pathways. In HCC, a natural homeostasis state is likely to exist within the tumor between CD133-and CD133+ cells. External stimulus, such as cytokines that are released in the microenvironment during inflammation, may alter this balance between non-stem cancer cells and CSCs. For example, our results show that TGF-β can stably alter this balance in favor of CSCs (CD133+ cells) in a permanent fashion. Inversely, IL-6 effect's is less strong that TGF-β and mostly is not stable (this effect is represented by a dotted double arrow). This switch induced by TGF-β in the CSC population could serve the tumor growth by increasing its aggressiveness and favor metastasis development. In details, DNA methylation and genome expression signature could be set up in two steps: first, SMAD and DNMT/TET interactions would target a primary panel of genes (including chromatin modifiers) for DNA methylation changes; second, transcription deregulations of these chromatin modifiers will in turn modulate the epigenetic profile and the transcription of secondary target genes.

To verify this last part of the model, further mechanistic studies investigating the exact relationship and potential interactions between SMAD and proteins involved in DNA methylation profile establishment are required.

Regarding CD133+ cells epigenetic characterization of the signature provides a reliable database to investigate the exact role of DNA methylation in CSC phenotype establishment and to further identify key genes or pathways involved in CSC maintenance. Finally it will be interesting to compare our results obtained in in vitro models with DNA methylation signature from CD133+ cells from liver biopsies. It will allow us to reinforce our conclusions about CD133+ cells molecular characterization and to adapt further research to improve our understanding of CSCs. 

ANNEXE I: Supplementary Tables

Pathways analyses were performed using the BrB geneset class comparison tool for KEGG and Biocarta and the WebGesalt and DAVID web applications. For analyses using WebGesalt and DAVID web applications pathways and genesets were filter for p-value <0.05. Transcription factor genesets enrichment analyses were performed using BrB Array tool (independently for each cell line) and Webgesalt web application (two cell lines combined).

The tables presented here show the results obtained using the BrB geneset class comparison tool (top 50 for KEEG and top 100 for Biocarta). 

Hepatocellular carcinoma: the importance of inlammation and epigenetics

Hepatocellular carcinoma (HCC) is the major form of primary liver cancer in the world [1], accounting for 662,000 deaths worldwide per year [2]. HCC is frequently diagnosed at an advanced stage, resulting in rather poor survival rates. HCC typically starts with a pre-existing liver disease caused by infection with hepatitis B virus (HBV) or hepatitis C virus (HCV), chronic alatoxin exposure or alcohol consumption [3]. Chronic liver damage associated with chronic exposure to these agents results in cirrhosis (scarring of the liver characterized by the formation of ibrous tissue and destruction of normal architecture of the organ), which can eventually progress to liver cancer. People infected with HCV have an 80% chance of developing cirrhosis, and HBV-infected people have a 30-fold higher risk of developing cancer [1,3]. herefore, there is a need for better understanding of the mechanisms underlying HCC development and progression, as these might improve our ability to detect the disease at earlier stages and design new eicient strategies for detection and treatment. Deregulation of the epigenome (the totality of epigenetic marks in a cell, including DNA methylation, histone modiications and non-coding RNAs) is thought to play an important role in tumor development and progression. Epigenetic events are considered key mechanisms in the regulation of gene activity, and abnormal expression of a large number of tumor-suppressor genes and cancer-associated genes has been observed in a wide range of human cancers [4][5][6][7][START_REF] Mima | CD44s regulates the TGF-β-mediated mesenchymal phenotype and is associated with poor prognosis in patients with hepatocellular carcinoma[END_REF]. Epigenetic alterations might occur as early events in carcinogenesis and might precede genetic alterations during oncogenic transfor mation [9]. Moreover, large-scale studies involving epigenomic technologies have identiied new genes targeted by aberrant epigenetic changes, and indicated epigenetic patterns that are consistently associated with diferent cancer types, including lung cancer, colorectal cancer and HCC. hese 'epigenetic signatures' can be associated with predisposition factors or clinical outcome [4,10,11], and can be deined as speciic epigenetic changes or a
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Inlammation represents the body's natural response to tissue damage; however, chronic inlammation may activate cell proliferation and induce deregulation of cell death in afected tissues. Chronic inlammation is an important factor in the development of hepatocellular carcinoma (HCC), although the precise underlying mechanism remains unknown. Epigenetic events, which are considered key mechanisms in the regulation of gene activity states, are also commonly deregulated in HCC. Here, we review the evidence that chronic inlammation might deregulate epigenetic processes, thus promoting oncogenic transformation, and we propose a working hypothesis that epigenetic deregulation is an underlying mechanism by which inlammation might promote HCC development. In this scenario, diferent components of the inlammatory response might directly and indirectly induce changes in epigenetic machineries ('epigenetic switch'), including those involved in setting and propagating normal patterns of DNA methylation, histone modiications and non-coding RNAs in hepatocytes. We discuss the possibility that selfreinforcing cross-talk between inlammation and epigenetic mechanisms might amplify inlammatory signals and maintain a chronic state of inlammation culminating in cancer development. The potential role of inlammation-epigenome interactions in the emergence and maintenance of cancer stem cells is also discussed. combination thereof that are consistently associated with etiological or clinicopathological features of a tumor. he inlammatory response is the tissue's natural response to damage. he primary functions of the inlammatory process are to defend the organism against harmful agents and products, remove damaged cells and facilitate the renewal of damaged tissues. However, chronic inlammation might activate cell proliferation and deregulation of cell death in afected tissues [12,13]. Inlammation is an important factor in HCC development, and chronic hepatitis might promote hepatocarcino genesis through induction of cirrhosis, although inlammation-mediated HCC tumors might also develop in the absence of cirrhotic lesions. Because deregulation of epigenetic mechanisms is one of the hallmarks of cancer, including HCC, it is possible that inlammation might act through epigenetic mechanisms to promote liver cancer. Several comprehensive reviews on the role of either epigenetic deregulation [11] or inlammation [14] individually in liver cancer have been published. Here, we focus on the potential role of epigenetic mechanisms in inlammation-mediated processes during hepatocarcinogenesis and discuss how a cross-talk between inlammation and the epigenome can be exploited in the development of novel and eicient strategies for the treatment and prevention of liver cancer.

Deregulation of the inlammatory response during hepatocarcinogenesis

HCC is one of the well-known examples of inlammationrelated cancer that slowly develops on a background of chronic inlammation. he molecular links that connect inlammation and liver tumors are not fully known; however, recent studies are beginning to unravel the underlying mechanisms. In this section, we will discuss the development of chronic inlammation in response to liver damage and viral infection, and then describe the role of cytokine secretion during HCC development. Finally, activation of nuclear factor (NF)-κB and STAT3 (signal transducers and activators of transcription 3) path ways and their consequences for hepatocarcinogenesis will be discussed.

Development of chronic inlammation in response to liver damage and viral infection

One of the main functions of the liver is to detoxify the organism. Consequently, hepatocytes are constantly subjected to diverse infectious or toxic agents that can generate liver damage and initiate an inlammatory response [15]. he purpose of local inlammation is to clear the damage by activating apoptosis of afected hepatocytes, and to promote repair of the tissue by activating cell proliferation [12]. Under normal conditions, when damage is limited and can be rapidly repaired, the inlammatory state is transient. However, if the tissue damage is severe or if the inlammatory stimulus persists, the inlammatory process is maintained and may progress to chronic inlammation with continuous proliferation of hepatocytes (see below). he cellular pathways that are activated during a prolonged inlammatory response may trigger a wide range of potentially harmful processes, such as induction of DNA damage through reactive oxygen species (ROS) accumulation [16]. herefore, hepatocytes harboring extensive DNA damage and undergoing prolonged proliferation during chronic inlammation may result in the acquisition of mutations and growth advantages, thus promoting initiation and progression of hepatocellular carcinoma [17].

his scenario is more likely to be associated with excessive alcohol consumption or fat accumulation, or occur during infection with HBV or HCV. HBV or HCV infection can lead to cirrhosis and further development of HCC when the immune system fails to eiciently clear the virus from the liver, resulting in a chronic form of the disease [18][19][20]. During an infection, hepatitis virus antigens activate immune cells that trigger apoptosis of infected hepatocytes, thus inducing compensatory prolifera tion [21]. Chronic infection may also lead to the development of HCC through induction of mutations and chromosomal instability [22]. hese genetic changes can occur during prolonged cell proliferation and, in the case of HBV infection, can be induced by integration of the viral DNA into human chromosomal DNA [18,20,23,24]. HBV and HCV can also directly initiate cell transformation through the actions of viral proteins that interfere with cellular pathways controlling cell survival, cell proliferation and apoptosis [25]. For example, the HBV protein encoded by the HBX gene is able to directly inluence the transcription of genes involved in several signaling pathways, including c-JUN, c-FOS, c-MYC, AP-1 and P53 [19,26]. In HCV, the core protein (the viral gene product synthesized in the early phase of HCV infection) is known, among others, to inhibit apoptosis through activation of c-MYC and inhibition of the P53 gene [27,28]. herefore, chronic inlammation in the liver associated with viral infection may contribute to hepatocarcinogenesis through the deregulation of important cellular pathways.

Cytokine secretion and HCC development

During chronic inlammation of the liver, hepatocyte proliferation is activated by local and iniltrated immune cells through paracrine signals involving cytokines [29,30] (Table 1). Among a wide range of cytokines involved in liver inlammation, TNFα, interleukins (IL6, IL1α, IL1βα and IL10), and TGFβ (transforming growth factor beta) are thought to play major roles [31]. Several large-scale studies investigating serum levels of cytokines revealed higher levels of IL1β, IL6, TNFα, TGFβ and IL10 in individuals with hepatitis in comparison with healthy controls [32][33][34][35][36][37][38][39][40]. Curiously, serum levels of IL6 and TNFα have been found to be lower in patients with HCC [41], whereas in solid tumors TNFα and IL1β levels are higher in normal tissue than in tumor cells [42]. hese studies have provided inconsistent results; therefore, the precise impact of cytokine deregulation associated with chronic inlammation in liver cancer development remains unclear. Nevertheless, changes in cytokine expression are detectable in pre-cancerous stages such as chronic hepatitis and cirrhosis. Comparison between diferent forms of liver inlammation has revealed higher levels of IL6, TNFα, IL1β and IL10 in patients that have developed cirrhosis compared with those infected with HBV or HCV in the absence of cirrhosis [37,38,[START_REF] Song Le | Serum cytokine proiles associated with clinical presentation in Vietnamese infected with hepatitis B virus[END_REF]. Hence, cytokine expression is positively correlated with disease progression, suggesting that the deregulation of cytokine expression may be an early event in hepatocarcinogenesis that could actively participate in cancer development.

NF-κB and STAT3 pathway activation and their consequences for hepatocarcinogenesis

Cellular pathways activated by cytokines are involved in cell growth, cell survival, cell proliferation and apoptosis.

Here we discuss the importance of the NF-κB and janus kinase (JAK)/STAT3 pathways in key biological functions that are deregulated in HCC [15,[START_REF] Karin | NF-kappaB as a critical link between inlammation and cancer[END_REF][START_REF] He | NF-kappaB and STAT3 -key players in liver inlammation and cancer[END_REF].

NF-κB belongs to the REL transcription factor family and exists as a homodimer or heterodimer. In the absence of stimuli, the dimers remain inactive in the cytoplasm [START_REF] Assenat | Is nuclear factor kappa-B the missing link between inlammation, cancer and alteration in hepatic drug metabolism in patients with cancer?[END_REF]. In liver cells, binding of TNFα or IL1α to the cellular membrane leads to the activation of NF-κB, which can enter the nucleus and initiate transcription of several inlam matory target genes [START_REF] Assenat | Is nuclear factor kappa-B the missing link between inlammation, cancer and alteration in hepatic drug metabolism in patients with cancer?[END_REF]. Even though NF-κB activation has been demonstrated in several solid tumors [START_REF] Maeda | Inlammation and cancer: role of nuclear factor-kappaB activation[END_REF], few studies have investigated NF-κB status in HCC. In a small study involving 15 primary tumors, activation of NF-κB was detected in 87% of peritumoral tissues and in 80% of tumor tissues compared with healthy controls [START_REF] Liu | Activation of NF-kappa B, AP-1 and STAT transcription factors is a frequent and early event in human hepatocellular carcinomas[END_REF]. More recently, investigation of a larger cohort indicated activation of NF-κB in 25% of the tumor samples [START_REF] He | Hepatocyte IKKbeta/NF-kappaB inhibits tumor promotion and progression by preventing oxidative stressdriven STAT3 activation[END_REF].

In contrast to studies using human cancer samples, there are many studies that have aimed to understand the role of NF-κB in hepatocarcinogenesis using in vivo rodent models of inlammation-induced HCC. hese studies have revealed a dual function of NF-κB. First, as an anti-tumorigenic agent in hepatocytes, NF-κB may protect the liver by preventing excessive cell death and thus limiting the compensatory proliferation [START_REF] He | Hepatocyte IKKbeta/NF-kappaB inhibits tumor promotion and progression by preventing oxidative stressdriven STAT3 activation[END_REF][START_REF] Luedde | Deletion of NEMO/IKKgamma in liver parenchymal cells causes steatohepatitis and hepatocellular carcinoma[END_REF]. Second, there may be a pro-tumorigenic function whereby NF-κB activation may support tumor growth by increasing transformed hepatocyte proliferation [START_REF] Pikarsky | NF-kappaB functions as a tumour promoter in inlammation-associated cancer[END_REF][START_REF] Haybaeck | A lymphotoxin-driven pathway to hepatocellular carcinoma[END_REF]. Hence, the precise function of NF-κB activation during HCC initiation and development remains to be deined.

he JAK/STAT3 pathway may be activated through interaction of the cytokine IL6 with its receptor. IL6 binding activates the phosphorylation of a JAK (mostly JAK2), which in turn will phosphorylate STAT3 on amino acid Y705 [START_REF] Heinrich | Principles of interleukin (IL)-6-type cytokine signalling and its regulation[END_REF]. Activated STAT3 forms homodimers and is translocated into the nucleus where it enhances the trans cription of several genes belonging mainly to cell survival pathways. Other studies have observed that STAT3 is constitutively activated in a majority of HCC cases (60% or more of the samples analyzed) [START_REF] Zhang | Activation of STAT3 signal pathway correlates with twist and e-cadherin expression in hepatocellular carcinoma and their clinical signiicance[END_REF][START_REF] Calvisi | Ubiquitous activation of Ras and Jak/Stat pathways in human HCC[END_REF]. Additionally, mechanistic studies in vivo revealed that STAT3 activation cannot be a consequence of HCC but may actively participate in the progression from hepatitis to an advanced cancer stage. In a mouse model of inlamma tion induced by speciic dietary regimes, HCC incidence is correlated with STAT3 activation [START_REF] Park | Dietary and genetic obesity promote liver inlammation and tumorigenesis by enhancing IL-6 and TNF expression[END_REF], and in mice developing a liver inlammatory microenvironment, HCC occurrence is reduced by STAT3 inhibition [START_REF] He | Hepatocyte IKKbeta/NF-kappaB inhibits tumor promotion and progression by preventing oxidative stressdriven STAT3 activation[END_REF]. hese results hint at a pro-tumorigenic role of the JAK/ STAT3 pathway in HCC growth, and also in HCC initiation and development.

Deregulation of epigenetic mechanisms during hepatocarcinogenesis

In cancer cells, the key cellular processes such as cell survival, cell growth, cell proliferation and apoptosis are deregulated by aberrant gene expression. Alterations in gene expression can be caused by epigenetic deregulation as well as genetic changes (that is, mutations) [7,[START_REF] Sinčić | DNA methylation and cancer: ghosts and angels above the genes[END_REF]. [31,33,38,41,42] IL6 Up and down Cirrhotic tissue, hepatitis C, HCC patient serum [31][32][33][34]40,41,[START_REF] Song Le | Serum cytokine proiles associated with clinical presentation in Vietnamese infected with hepatitis B virus[END_REF]137] IL1α Up HCC patient serum [31,33] IL1β Up Cirrhotic tissue, HCC patient serum, solid tumors [31,33,38,42] TGFβ Up and down Urine, HCC patient serum [31,36] IL10 Up Cirrhotic tissue, hepatitis B, HCC patient serum [31,32,35,37,39,[START_REF] Lin | Genomewide hypomethylation in hepatocellular carcinogenesis[END_REF] HCC, hepatocellular carcinoma; IL, interleukin; TGF, transforming growth factor; TNF, tumor necrosis factor.

Epigenetic mechanisms, such as DNA methylation, histone modiications and non-coding RNAs are key regulators of gene activity states; therefore, epigenetic disruptions can afect transcription of the genes that establish and maintain cell identity and proliferation capacity. A number of studies have suggested that epigenetic mechanisms are altered in HCC and may play key roles in hepatocarcinogenesis [11] (Table 2).

DNA methylation changes in HCC

DNA methylation is a chemical modiication of DNA, involving the addition of a methyl group (-CH3) to a nucleotide. In humans, methylation usually occurs at the ifth carbon atom in the nucleotide base cytosine (5-methyl cytosine). DNA methylation has been primarily studied in the context of gene transcription and aberrant gene silencing, although it has also been implicated in the silencing of transposable elements [START_REF] Vaissiere | Epigenetic interplay between histone modiications and DNA methylation in gene silencing[END_REF]. DNA methylation impacts the level of compaction of chromatin, and this afects the interaction between DNA and transcription factors, and consequently inluences DNA expression. Global genome hypomethylation is a common phenomenon found in many solid tumors, including HCC [START_REF] Huang | Current progress in epigenetic research for hepatocarcinomagenesis[END_REF]. he comparison of global methylation levels in HCC tumors and matched non-tumorigenic liver tissues revealed a signiicant reduction in total 5-methylcytosine content in tumors [START_REF] Lin | Genomewide hypomethylation in hepatocellular carcinogenesis[END_REF]. Compared with the surrounding cirrhotic or non-neoplastic tissues, lower levels of methyla tion at repetitive elements LINE-1, ALU and SAT-2 have been observed in liver tumors [START_REF] Lee | Prognostic implications of and relationship between CpG island hypermethylation and repetitive DNA hypomethylation in hepatocellular carcinoma[END_REF].

Global hypomethylation can contribute to carcinogenesis in two ways. First, in normal liver tissue, as in other healthy tissues, methylation of repetitive elements may contribute to genome integrity by silencing their transcription, thus preventing the activity of potentially harmful mobile genetic elements. DNA hypomethylation could thus explain the chromosome structural alterations and genetic mutations observed in HCC. his hypothesis is corroborated by a study showing that an excess of copies of the heterochromatin sequence 1q12 is corre lated with global loss of methylcytosine [START_REF] Wong | Hypomethylation of chromosome 1 heterochromatin DNA correlates with q-arm copy gain in human hepatocellular carcinoma[END_REF]. herefore, DNA hypomethy lation may alter the interaction between the CpGrich satellite DNA and chromatin proteins, resulting in heterochromatin decondensation and break age. Second, global hypomethylation can result in onco gene activation. his notion is supported by oncogene promoter demethylation found during HCC progression [START_REF] Huang | Current progress in epigenetic research for hepatocarcinomagenesis[END_REF][START_REF] Hamilton | Epigenetic mechanisms involved in the pathogenesis of hepatobiliary malignancies[END_REF].

In parallel to these genome-wide alterations, regional hypermethylation has been detected in CpG islands of tumor suppressor genes (TSGs) [START_REF] Huang | Current progress in epigenetic research for hepatocarcinomagenesis[END_REF][START_REF] Hamilton | Epigenetic mechanisms involved in the pathogenesis of hepatobiliary malignancies[END_REF][START_REF] Zhao | Epigenetic silence of ankyrin-repeat-containing, SH3-domain-containing, and proline-rich-region-containing protein 1 (ASPP1) and ASPP2 genes promotes tumor growth in hepatitis B virus-positive hepatocellular carcinoma[END_REF][START_REF] Zhang | Epigenetic inactivation of the tumor suppressor gene RIZ1 in hepatocellular carcinoma involves both DNA methylation and histone modiications[END_REF]. hese hypermethylated CpG islands result most often in gene silencing. he targeted genes are involved in cell proliferation inhibition (p16INK4A, p21, p27, RASSF1A, SOCS1-3, RIZ1), apoptosis (CASP8, XAF-1, ASPP1, ASPP2), cell adhesion and migration (E-Cadherin, TFPI-2), and DNA repair (GSTP1), and their silencing can promote cell transformation. TSGs and other cancer-associated genes (such as RASSF1A, DOK1 and CHRNA3) have been found to be hypermethylated in a high percentage of human samples of HCC [START_REF] Hamilton | Epigenetic mechanisms involved in the pathogenesis of hepatobiliary malignancies[END_REF][START_REF] Lambert | Aberrant DNA methylation distinguishes hepatocellular carcinoma associated with HBV and HCV infection and alcohol intake[END_REF]. Importantly, precancerous lesions in liver, such as ibrosis and cirrhosis, have also been found to exhibit aberrant hypermethylation in TSGs [11]. hese observations suggest that TSG hyper methylat ion may represent a tumor-initiating event in HCC progression. Together, changes in methylation states (both hypermethylation and hypomethylation) appear to play a critical role in liver tumor development, similar to other cancers such as colorectal cancer and Beckwith-Wiedermann syndrome [START_REF] Feinberg | The history of cancer epigenetics[END_REF].

Histone modiications in hepatocellular carcinoma

Chemical modiications on histones (mainly acetylation and methylation on histones H3 or H4) are involved in gene expression through their role in the recruitment of inhibitors or enhancers of transcription. hese modiications occur essentially in gene promoters to stimulate or inhibit gene expression.

In a methyl-deicient rodent model of hepatocarcinogenesis, in which hepatocarcinogenesis can be followed from preneoplastic nodules [START_REF] Pogribny | Histone H3 lysine 9 and H4 lysine 20 trimethylation and the expression of Suv4-20h2 and Suv-39h1 histone methyltransferases in hepatocarcinogenesis induced by methyl deiciency in rats[END_REF], it has been found that levels of H3K9 and H4K20 trimethylation (histone marks associated with repressive and activating transcriptional states, respectively) change during cancer development. In accordance with these changes, upregulation and downregulation of Suv39h1 and Suv4-20h2, the enzymes respon sible for H3K9 and H4K20 methylation, have been observed.

Progressive changes in histone mark patterns (mediated by activation or inactivation of speciic histone-modifying complexes) have also been observed in a model of cell reprogramming. Fusion of mouse HCC cells with embryonic stem cells results in the loss of HCC cellular phenotype and reactivation of the tumor suppressor gene p16INK4A. Induced diferentiation of these repro grammed cells restores the original HCC phenotype in association with progressive silencing of p16INK4A [START_REF] Yao | H3K27 trimethylation is an early epigenetic event of p16INK4a silencing for regaining tumorigenesis in fusion reprogrammed hepatoma cells[END_REF]. During diferentiation, the p16INK4A promoter is promptly 'invaded' by H3K27 trimethylation, accompanied by H3K9 dimethylation at later stages. Finally, histone H3 and H4 deacetylation (commonly associated with inhibition of transcription) are involved in several gene expression alterations in HCC [START_REF] Park | Aberrant epigenetic modiications in hepatocarcinogenesis induced by hepatitis B virus X protein[END_REF][START_REF] Won | CADPE suppresses cyclin D1 expression in hepatocellular carcinoma by blocking IL-6-induced STAT3 activation[END_REF], and mechanistic studies have revealed that histone deacetylation could also act in association with DNA methylation to induce gene silencing [START_REF] Zhao | Epigenetic silence of ankyrin-repeat-containing, SH3-domain-containing, and proline-rich-region-containing protein 1 (ASPP1) and ASPP2 genes promotes tumor growth in hepatitis B virus-positive hepatocellular carcinoma[END_REF][START_REF] Zhang | Epigenetic inactivation of the tumor suppressor gene RIZ1 in hepatocellular carcinoma involves both DNA methylation and histone modiications[END_REF]. Despite the lack of largescale studies with human samples, these results suggest that histone modiications may play an important role in hepatocarcinogenesis.

MicroRNAs and hepatocellular carcinoma

MicroRNAs are a class of small non-coding RNAs (22 to 25 nucleotides) that repress gene expression by inhibiting the translation of messenger RNAs. MicroRNAs are considered to participate actively in HCC development, and this is supported by several studies in which signi i cant changes in microRNA expression have been observed by comparing HCC tumors with non-cancerous tissues. For example, upregulation of microRNA-18 (miR-18), miR -21, miR-221, miR-222 and miR-224, and down regulation of miR-122, miR-125, miR-130a, miR-150, miR-199 and miR-200 and the let-7 family have been reported in HCC [START_REF] Ladeiro | MicroRNA proiling in hepatocellular tumors is associated with clinical features and oncogene/tumor suppressor gene mutations[END_REF][START_REF] Jiang | Association of MicroRNA expression in hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival[END_REF][START_REF] Gramantieri | MicroRNA involvement in hepatocellular carcinoma[END_REF][START_REF] Huang | Microarray analysis of microRNA expression in hepatocellular carcinoma and non-tumorous tissues without viral hepatitis[END_REF][START_REF] Ji | New kids on the block: diagnostic and prognostic microRNAs in hepatocellular carcinoma[END_REF][START_REF] Wong | MicroRNA-223 is commonly repressed in hepatocellular carcinoma and potentiates expression of Stathmin1[END_REF][START_REF] Wang | Proiling microRNA expression in hepatocellular carcinoma reveals microRNA-224 up-regulation and apoptosis inhibitor-5 as a microRNA-224-speciic target[END_REF]. To understand the conse quences of micro-RNA deregulation in hepatocarcino genesis, several studies aimed to identify and validate target genes of these microRNAs. So far, microRNA alterations identiied in liver tumors have mainly been associated with genes involved in cell cycle regulation and cell proliferation. For example, cyclin-dependent inhibi tors p27 and p57 and Bcell lymphoma 2 (Bcl-2)-modifying factor are targets of miR-221/222, which are upregulated in HCC [START_REF] Le Sage | Regulation of the p27(Kip1) tumor suppressor by miR-221 and miR-222 promotes cancer cell proliferation[END_REF][START_REF] Fornari | MiR-221 controls CDKN1C/ p57 and CDKN1B/p27 expression in human hepatocellular carcinoma[END_REF][START_REF] Gramantieri | MicroRNA-221 targets Bmf in hepatocellular carcinoma and correlates with tumor multifocality[END_REF]. miR-1-1 is downregulated in HCC tumors compared with non-cancerous adjacent tissues, and its ectopic expression in HCC cell lines induced cell cycle inhibition and cell death [START_REF] Datta | Methylation mediated silencing of MicroRNA-1 gene and its role in hepatocellular carcinogenesis[END_REF]. Finally, miR-122 downregulation in HCC increases production of cyclin G1 [START_REF] Gramantieri | Cyclin G1 is a target of miR-122a, a microRNA frequently down-regulated in human hepatocellular carcinoma[END_REF], and overexpression of miR-22 in HCC cell lines results in increased cell proliferation and higher de novo tumor development in immune-compromised athymic or nude mice [START_REF] Zhang | microRNA-22, downregulated in hepatocellular carcinoma and correlated with prognosis, suppresses cell proliferation and tumourigenicity[END_REF]. Taken together, these results are consistent with the critical role of microRNAs in the regulation of cell proliferation and apoptosis in hepato cytes, and highlight the importance of microRNA altera tions in cellular transformation during hepato carcinogenesis.

Epigenetic alterations and HCC etiology

Although the evidence for deregulation of epigenetic mechanisms during hepatocarcinogenesis has steadily accumulated over the past decade, their origins remain unclear. As many of these changes have been observed in early stages of carcinogenesis and even in precancerous stages [START_REF] Hamilton | Epigenetic mechanisms involved in the pathogenesis of hepatobiliary malignancies[END_REF][START_REF] Feo | Genetic and epigenetic control of molecular alterations in hepatocellular carcinoma[END_REF], it has been proposed that some of these alterations may be directly induced by exposure to speciic risk factors, including HBV and HCV infection, alcohol intake and alatoxin B1, and their presence may drive the process of hepatocarcinogenesis. For example, methylation in p16INK4A, GSPT1 and RASSF1A genes in HCC tumors has been signiicantly correlated with viral infection [START_REF] Katoh | Epigenetic instability and chromosomal instability in hepatocellular carcinoma[END_REF]. Comparison of methylation proiles between tumor samples associated with HBV infection, HCV infection and alcohol consumption has revealed a speciic set of hypermethylated CpG islands for each group [START_REF] Hernandez-Vargas | Hepatocellular carcinoma displays distinct DNA methylation signatures with potential as clinical predictors[END_REF]. Our recent study also showed a signiicant association between the methylation pattern in HCC tumors and major risk factors, including HBV infection and alcohol intake [START_REF] Lambert | Aberrant DNA methylation distinguishes hepatocellular carcinoma associated with HBV and HCV infection and alcohol intake[END_REF]. Further studies are needed to test whether major risk factors induce a distinct set of early epigenetic events and whether these changes promote HCC development.

In addition to the well-established risk factors, nutrition deiciency could provide a favorable condition for HCC development. In a rat model of methyl-deicient or lipotrope-deicient diet-induced HCC, global hypomethylation has been found to be associated with tumor development [START_REF] Pogribny | Histone H3 lysine 9 and H4 lysine 20 trimethylation and the expression of Suv4-20h2 and Suv-39h1 histone methyltransferases in hepatocarcinogenesis induced by methyl deiciency in rats[END_REF]. Similarly, mouse models for alcoholic liver disease and non-alcoholic fat liver disease have provided evidence for microRNA deregulation in the diseased liver [START_REF] Dolganiuc | MicroRNA expression proile in Lieber-DeCarli diet-induced alcoholic and methionine choline deicient diet-induced nonalcoholic steatohepatitis models in mice[END_REF]. Furthermore, chronic alcohol consump tion is also known to cause epigenetic alterations [START_REF] Mandrekar | Epigenetic regulation in alcoholic liver disease[END_REF]: liver tissue from rats fed with alcohol presented a 40% loss of methylation, and chronic alcohol consumption caused global hypomethylation [START_REF] Lu | Methionine adenosyltransferase and S-adenosylmethionine in alcoholic liver disease[END_REF]. Finally, alcohol intake can also inluence histone modiications, notably an increase in histone H3 acetylation [START_REF] Park | Involvement of histone acetyltransferase (HAT) in ethanol-induced acetylation of histone H3 in hepatocytes: potential mechanism for gene expression[END_REF]. In conclusion, viral infection or alcohol consumption seem to induce some speciic epigenetic alterations, but the picture is far from being complete. hus, the exact mechanism by which known risk factors trigger epigenetic changes and the precise gene targets remain to be elucidated.

Cross-talk between epigenetic mechanisms and inlammatory pathways

he link between inlammatory pathways and epigenetic mechanisms has been revealed by many recent studies using diferent model systems. here is growing evidence for a direct mechanistic relationship between the changes induced by inlammation and epigenetic deregulation during tumor development and progression [START_REF] Niwa | Induction of epigenetic alterations by chronic inlammation and its signiicance on carcinogenesis[END_REF][START_REF] Niwa | Inlammatory processes triggered by Helicobacter pylori infection cause aberrant DNA methylation in gastric epithelial cells[END_REF]. We propose a working hypothesis that epigenome deregulation is an underlying mechanism by which inlammation may promote tumor development. In this scenario, diferent components of the inlammatory response may induce changes in epigenetic machinery or a so-called epigenetic switch that resets the long-term cellular memory system, a system that normally ensures the stable maintenance of transcriptional patterns and cell phenotype.

Cross-talk between epigenetic mechanisms and inlammatory pathways in HCC

As discussed earlier, inlammatory processes and epigenetic deregulation are early events in hepatocarcinogenesis. However, it remains unclear whether inlam mation and a deregulated epigenome act concomitantly to initiate HCC or if there is a hierarchy and inter dependence between them during cancer development and progression. Although cancer is traditionally considered a genetic disease caused by the accumulation of mutations, recent evidence suggests that epigenetic changes may play an important role in cancer development and could also act as precursor events that precede and promote genetic changes [START_REF] Feinberg | The epigenetic progenitor origin of human cancer[END_REF][START_REF] Hernandez-Vargas | Epigenetic signatures in stem cells and cancer stem cells[END_REF]. Here, we put forward the hypothesis that epigenetic deregulation may be an underlying mechanism by which inlammation promotes HCC development, as shown in Figure 1. In this scenario, diferent components of the inlammatory response may directly or indirectly induce changes in epigenetic machineries, including those involved in setting and propagating normal patterns of DNA methylation, histone modiications and non-coding RNAs in hepatocytes. Deregulated epigenetic states may contribute to a persistent inlammatory response through altered gene expression states and a positive feedback loop to exacerbate a chronic state of inlammation. In parallel, the deregulated epigenome maintains altered long-term memory systems that promote proliferation and oncogenic transformation (Figure 1). his interdependent and self-reinforcing cross-talk between inlammation and the epigenome maintains and ampliies inlammatory signals resulting in a series of events culminating in the development of liver cancer.

Several recent mechanistic and functional studies have provided support for our model by demonstrating interconnections between inlammatory pathways and epigenetic modiications. For example, chronic inlammation increases the level of ROS in the cytoplasm and high levels of ROS have been reported to induce the expression of SNAIL (the gene encoding a master regulator of the process of epithelial-mesenchymal transition), which can in turn recruit DNMTs (DNA-methyltransferases) and HDACs (histone deacetylases) to silence several speciic genes [START_REF] Hamilton | Epigenetic mechanisms involved in the pathogenesis of hepatobiliary malignancies[END_REF][START_REF] Lim | Epigenetic changes induced by reactive oxygen species in hepatocellular carcinoma: methylation of the E-cadherin promoter[END_REF]. In vivo alcohol intake or in vitro lipopolysaccharide treatment (an inlammatory stimulus) can induce H3K9/S10 phosphorylation at the promoter of cytokine genes [START_REF] Yamamoto | Histone H3 phosphorylation by IKK-alpha is critical for cytokine-induced gene expression[END_REF][START_REF] Saccani | p38-Dependent marking of inlammatory genes for increased NF-kappa B recruitment[END_REF] and these speciic histone marks appear to be required for NF-κB recruitment to the gene promoter [START_REF] Anest | A nucleosomal function for IkappaB kinase-alpha in NF-kappaBdependent gene expression[END_REF]. Furthermore, it was shown that NF-κB interacts with HDAC-1 [100] and that the capacity of HDAC-1 to inactivate speciic genes requires the presence of p50, an NF-κB subunit [101]. In contrast, epigenetic mechanisms can also interfere with inlammation pathways, notably in the activation of the JAK/STAT3 histone modiications and non-coding RNAs), resulting in an 'epigenetic switch' that resets the long-term memory system in hepatocytes. The epigenetic switch in turn may contribute to a persistent inlammatory response through altered gene expression states and a positive feedback loop to exacerbate a chronic state of inlammation. In addition, the deregulated epigenome may maintain an altered transcriptional program that promotes proliferation and oncogenic transformation. This interdependent and self-reinforcing cross-talk between inlammation and the epigenome maintains and ampliies inlammatory signals, resulting in a series of events culminating in the development of liver cancer. The epigenetic switch may also be activated in hepatic or liver progenitor cells whose proliferation is stimulated during liver regeneration and repair. Therefore, an inlammatory microenvironment and an epigenetic switch in response to diferent environmental factors can directly promote activation of liver progenitor cells and their oncogenic transformation. DNMT, DNA methyl transferase. 

Gene expression regulation

Cancer initiation pathway. Analysis of HCC tumors revealed that aberrant silencing of JAK/STAT inhibitor genes SOCS-1 and SOCS-3 by DNA methylation results in constitutive activation of the pathway [START_REF] Calvisi | Ubiquitous activation of Ras and Jak/Stat pathways in human HCC[END_REF]102]. In addition, the binding of activated STAT3 to its target gene promoter seems to be dependent on histone acetylation status [START_REF] Won | CADPE suppresses cyclin D1 expression in hepatocellular carcinoma by blocking IL-6-induced STAT3 activation[END_REF]. All these examples support the hypothesis that inlammation and epigenetic mechanisms are not separate but interdependent events whose cross-talk may deregulate a wide range of processes resulting in the development of HCC.

Cross-talk between epigenetic mechanisms and inlammatory pathways in liver stem/progenitor cells and liver cancer stem cells

Research on the process of liver cancer initiation has also focused on cells that might act as the precursors of liver cancer. he observation that HCC cells present speciic markers that are common to stem cells and that progression of liver cancer is associated with dedifer entiation (a process by which a specialized, diferentiated cell regresses to a simpler, more embryonic, unspecialized form) led to the 'maturation arrest hypothesis' , which predicts that liver cancer may arise from stem cells that failed to complete their vivo [116-118]. Moreover, increasing proliferation of LPC by cytokines is not just a side-efect of inlammationinduced cell proliferation, since the proliferative efects of IFNγ and TWEAK on LPCs have been shown to be speciic to LPCs (when compared with hepatocytes). Some cytokines and inlammatory pathways have even presented negative efects on LPC proliferation: for example, both IFNα and TGFβ reduce or block the proliferation of LPCs [119][120][121]. Deregulation of LPCs during carcinogenesis is likely to be associated with profound and heritable changes in cell fate programming. For these reasons, it has also been proposed that liver cancer may be initiated through the sustained epigenetic reprogramming of LPCs. he stemness/diferentiation balance can be regulated by DNA methylation and bivalent marks (a combination of permissive and repressive histone marks) [START_REF] Hernandez-Vargas | Epigenetic signatures in stem cells and cancer stem cells[END_REF], and proteins responsible for the deposition of these marks are DNMTs and PcG proteins (Polycomb-group proteins), respectively. herefore, inlammation may contribute to the transformation of LPCs by triggering epigenetic modiications. For example, cytokines such as IL6 or TGFβ have been shown to inluence expression of DNMTs [122][123][124]. In addition, production of PcG proteins appears to be sensitive to cytokines: in the majority of human HCC samples, activa tion of JNK1 (a kinase that can be activated by cytokines) correlated with the increase of EZH2 PcG proteins [125]. In vitro studies of muscle stem cells conirmed the link between cytokines and PcG production by demonstrating that TNFα promotes the formation of Polycomb repressive complex [126]. In this manner, inlammation can directly afect LPC activation and difer entiation by modifying the epigenetic memory system of these cells.

Finally, inlammation and epigenetic interactions can contribute to tumor development and progression by maintaining and expanding 'cancer stem cells' (CSCs). CSCs are deined as a discrete tumor population characterized by two deining properties: self-renewal and the capacity to reconstitute tumor heterogeneity [127]. Recent studies suggest a possible role for inlamma tion in the activation and maintenance of liver cancer stem cells. In a large series of HCC samples, the hepatic stem-cell-like subtype presented upregulation of the TGFβ pathway [128]. In healthy liver, LPCs have been found to produce OCT4, NANOG, STAT3 (the wellknown core stemness genes) and TBRII (TGF β-receptor type II), although subsequent analysis of cells producing STAT3/OCT4 markers of stemness failed to identify TBRII production [115]. his observation raises the possibility that disruption of the TGFβ pathway may promote the emergence of CSCs and sustain HCC develop ment and progression [129,130]. One explanation could be that TGFβ disruption impairs diferentiation of LPCs after their activation, thus promoting their transfor mation into liver cancer stem cells [131]. his hypothesis is further supported by a recent observation that TGFβ downregulation in liver cancer stem cells enhanced the mitogen-activated protein kinase (MAPK) pathway and thereby conferred resistance to apoptosis [132]. Similarly, other inlammatory pathways, such as the IL6/ JAK/STAT pathway, have been demonstrated to be capable of sustaining cancer stem cells. In a mouse model exhibiting disrupted TGFβ signaling, spontaneous liver cancer development and activation of IL6 signaling were observed [115], whereas in cell lines, the modulation of JAK/STAT was able to promote diferentiation and elimina tion of CSCs [133]. herefore, CSC activation is lexible and reversible, supporting the possibility that inlammatory pathways may impact on CSCs through epigenetic mechanisms. A report by You et al. [124] supports this hypothesis in the context of liver cancer by showing that TGFβ inluences the expression of CD133 (a liver cancer stem cell marker) via aberrant DNA methylation at the CD133 promoter. In addition, it was shown that in breast cancer, microRNAs could directly inluence CSC proliferation through modulation of the IL6/JAK/STAT pathway [134]. Taken together, accumulating evidence argues that inlammation may initiate the appearance and/or maintenance of cancer cells with stem cell features in liver and that epigenetic deregulation may be a key underlying mechanism.

Based on the evidence presented, we propose a model (Figure 1) in which various components of the inlammatory response (including activation of inlammatory pathways) induce changes in the epigenome (likely through deregulation of epigenetic machineries such as those mediating DNA methylation, histone modiications and non-coding RNAs). hese changes represent an initiating event activating the 'epigenetic switch' that resets the long-term memory system in the target cells (hepatocytes). he epigenetic switch may be deined as stable and mitotically heritable changes in the epigenome that underlie transition in cell phenotype, and are maintained after the initial triggering events have ceased. his epigenetic switch may promote a persistent inlammatory state through both gene expression reprogramming and a feedback loop that ampliies inlammatory signals contributing to chronic inlammation. he deregulated epigenetic states may also maintain an altered transcriptional programme that promotes proliferation and oncogenic transformation. hus, the self-reinforcing crosstalk between inlammation and the epigenome maintains and ampliies inlammatory signals, resulting in a series of events culminating in the development of HCC.

Conclusions and further perspectives

Abnormal secretions of cytokines are often observed in the presence of liver diseases and liver cancer. As a consequence, inlammatory pathways governing cell growth, cell cycle and cell survival are deregulated in hepatocytes. hese pathways may enhance cytokine expression through positive feedback, thus creating a vicious circle that culminates in liver cancer. Evidence is accumulating to suggest that inlammation contributes to hepatocarcinogenesis through deregulation of the epigenome. Many studies have found a wide range of epigenetic alterations in HCC, consistent with the notion that aberrant DNA methylation, histone acetylation and expression of non-coding RNAs may be responsible for deregulated expression of numerous genes in transformed hepatocytes. Several lines of evidence suggest that inlammation and epigenetic deregulation are not independent events during hepatocarcinogenesis, but that they may cross-talk and cooperate directly or indirectly to induce cell transformation. In particular, studies on liver stem cells and their potential role in liver cancer strongly suggest that a cross-talk between inlammation and epigenetic mechanisms could be particularly relevant to the initiation of cancer stem cells and early stages of HCC development.

Epigenetic deregulation may provide the missing mechanistic link between inlammation and HCC development.

Because the major treatment currently available for HBV and HCV infection is IFNα administration, which has relatively low eicacy [15,135,136], a link between inlammation and epigenetic mechanisms suggests potential new targets for therapeutic intervention. Intrinsic reversi bility of epigenetic changes and the recent develop ment of drugs targeting epigenetic deregulation in cancer cells may provide an opportunity for targeting inlammation-epigenome cross-talk in liver cancer. A combination of classical antiviral agents (for example, INF administration) and epigenetic drugs (such as DNMT inhibitors or HDAC inhibitors) may prove particularly eicient for counteracting the synergy between cytokines and epigenome changes.

Despite important progress made in the ield, several important questions remain to be addressed before we fully understand the functional impact of the interaction between inlammation and epigenome deregulation in liver tissue and deine the precise underlying mechanisms. For example, to what extent is epigenetic deregulation triggered by chronic inlammation? Although activation of inlammatory pathways and disrupted epigenetic states commonly co-exist in liver cancer, hierarchies and the precise order of events that establish and maintain their cross-talk are far from being elucidated. Can inlammatory cytokines trigger epigenetic changes directly or indirectly? Does epigenetic deregulation contribute to chronic inlammation in the infected liver, and if so do positive feedback loops that amplify inlammatory responses exist? Another important question regards the origin of liver cancer stem cells and the role of inlammation and epigenetic mechanisms in their initiation and maintenance. he importance of epigenome reconiguration in the maintenance of the deining features of stem/ progenitor cells provides a mechanistic explanation but also suggests potential targets for intervention. More comprehensive characterization of the epigenome of HCC tumors and liver cancer stem cells may help in answering some of these key questions.

oxygen species; STAT, signal transducers and activators of transcription; TGF, transforming growth factor; TNF, tumor necrosis factor; TSG, tumor suppressor gene.

Introduction

Hepatocellular carcinoma (HCC) is the major form of primary liver cancer (1), and typically originates in a background of chronic inflammation caused by various factors, such as alcohol consumption, or viral infection (hepatitis B and hepatitis C) (2). Inflammation is an essential part of the wound-healing response to those risk factors. However, chronic inflammation favors the accumulation of mutations and epigenetic aberrations in hepatocytes, thereby promoting malignant transformation (3,4). This process is mediated by chemokines, cytokines, and growth factors secreted by the stromal components of the liver microenvironment (4). Among those secreted factors, the transforming growth factor beta (TGF-β) has been shown to have a key role that is cell-type dependent and variable during the hepatocarcinogenesis process (5). In established HCC, TGF- overexpression is associated with poor prognosis (6)(7)[START_REF] Mima | CD44s regulates the TGF-β-mediated mesenchymal phenotype and is associated with poor prognosis in patients with hepatocellular carcinoma[END_REF]. However, characterization of the tumor cells targeted by TGF- in HCC is still lacking.

As has been shown for other human malignancies, a subpopulation of cancer cells in HCC is known to display a higher tumorigenic potential (9)(10)(11). These so called cancer stem cells (CSCs), are defined by their self-renewal and differentiation capacity, and have been isolated based on their expression of several cell markers (EpCAM, CD133, CD90, CD44, CD24, CD13, and OV6) (9). Of these, the surface marker CD133/Prominin1[PROM1] has been the most consistently reported. CD133 is a transmembrane protein whose function is only partially known (12) (13). Regardless of its function, CD133 may represent a marker of a distinct cell subpopulation with defined characteristics. The functional characterization of these cells will increase our understanding of the mechanisms involved in promoting and sustaining liver cancer progression.

Several recent reports suggest a link between TGF-β sig ali g a d li er C"Cs. Firstly, signaling pathways identified in liver cancer, including TGF-β, are active in isolated liver CSCs (14). Secondly, TGF-β-induced EMT generates self-renewing stem cells, a process also implicated in a higher risk of tumor metastasis, as invasiveness and self-renewal are shared features of stem cells, CSCs and metastatic cells (15,16). Finally, a recent study showed that TGF- is able to induce the expression of CD133 in liver cancer cell lines together with an increased tumor initiating ability in mice (17).

Together, these studies point towards a specific role for TGF- in inducing a CSC program in HCC.

DNA methylation, together with other epigenetic mechanisms, is able to stably modify the cell phenotype through cellular division (18). Because of the relative stability of DNA methylation marks, DNA methylation is a strong candidate mechanism to translate the presence of TGF-in the cellular microenvironment into persistent changes in phenotype. However, there is still limited evidence of a link between exposure to components of the tumor microenvironment and the induction of stable changes in DNA methylation in target cells.

In this study, we first defined the DNA methylome profile of CD133+ putative liver cancer stem cells.

We then tested the hypothesis that DNA methylation is involved in the induction of liver CSCs by TGF-. In testing this hypothesis, we showed that TGF- function is intimately linked to the DNA methylation machinery in this context, and that this may represent a key process in the establishment of chronic exposure imprints in liver cancer cells.

Results

CD133-and CD133+ liver cancer cells differentially express DNA methylation genes

CD133 is an established marker of CSCs in different types of human malignancies, including HCC (12).

To test the notion that this marker distinguishes a cell subpopulation with a distinct DNA methylation program, we characterized two non-related liver cancer cell lines. In a first step, we estimated the frequency of CD133 expressing cells in Huh7 and HepG2 liver cancer cells using fluorescenceactivated cell sorting (FACS) against all common CD133 isoforms (12). The expression of CD133 was evident in both cell lines, with a mean of 5% (SD=2%) in HepG2, and 25% (SD=13%) in Huh7 (Figure 1a). Expression of the surface protein positively correlated with CD133 expression at the mRNA level (data not shown). This low to moderate percentage of cells expressing CD133 is consistent with a CSC marker, and contrasts with the extreme values of expression that we observed for other molecules such as CD90, CD44 or EpCAM (Figure S1).

Because the stemness transcription factors were shown to be differentially expressed in subpopulations of liver cancer stem cells (19), we next studied the mRNA expression of well-defined stemness transcription factors in liver cancer cell populations enriched for CD133+ cells. To this end, we enriched Huh7 and HepG2 cells for CD133+ cells using magnetic cell sorting (MACS). Efficiency of CD133 enrichment by MACS was approximately 3-to 4-fold for both cell lines [START_REF] Park | Aberrant epigenetic modiications in hepatocarcinogenesis induced by hepatitis B virus X protein[END_REF][START_REF] Won | CADPE suppresses cyclin D1 expression in hepatocellular carcinoma by blocking IL-6-induced STAT3 activation[END_REF][START_REF] Ladeiro | MicroRNA proiling in hepatocellular tumors is associated with clinical features and oncogene/tumor suppressor gene mutations[END_REF][START_REF] Jiang | Association of MicroRNA expression in hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival[END_REF][START_REF] Gramantieri | MicroRNA involvement in hepatocellular carcinoma[END_REF][START_REF] Huang | Microarray analysis of microRNA expression in hepatocellular carcinoma and non-tumorous tissues without viral hepatitis[END_REF][START_REF] Ji | New kids on the block: diagnostic and prognostic microRNAs in hepatocellular carcinoma[END_REF][START_REF] Wong | MicroRNA-223 is commonly repressed in hepatocellular carcinoma and potentiates expression of Stathmin1[END_REF][START_REF] Wang | Proiling microRNA expression in hepatocellular carcinoma reveals microRNA-224 up-regulation and apoptosis inhibitor-5 as a microRNA-224-speciic target[END_REF][START_REF] Le Sage | Regulation of the p27(Kip1) tumor suppressor by miR-221 and miR-222 promotes cancer cell proliferation[END_REF][START_REF] Fornari | MiR-221 controls CDKN1C/ p57 and CDKN1B/p27 expression in human hepatocellular carcinoma[END_REF](20)(21)(22)(23)(24)(25)after two MACS columns). In spite of this variability between cell lines, we observed a consistent and significant overexpression of the three stemness genes NANOG, POU5F1 (Oct4), and SOX2 (Figure 1b). In addition, mRNA obtained from populations enriched in CD133+ cells at intermediate levels (average of 53% of CD133+ cells in Huh7, and 8% in HepG2, after one single MACS column) displayed the expected intermediate levels of mRNA expression in both cell lines, suggesting that the overexpression of stemness genes was specifically dependent on the CD133+ fraction of cells (Figure 1b).

To serve as a basis for exploring a potentially different methylation program in CD133+ liver cancer cells, we studied the expression of genes coding for relevant players of the DNA methylation machinery. This included genes involved in maintenance of DNA methylation (DNMT1), de novo DNA methylation (DNMT3A and DNMT3B) and DNA demethylation (TET1 and TET2). Notably, DNMT3A was consistently and significantly overexpressed in both Huh7 and HepG2 cells progressively enriched for CD133 (Figure 1c). In addition, DNMT3B was overexpressed in HepG2 CD133-enriched cells, while TET2 displayed opposite differential expression in CD133-enriched Huh7 and HepG2 cells (Figure 1c).

Together, these data suggests that in at least two independent liver cancer cell lines, CD133 marks a specific subpopulation characterized by a marked expression of genes related to stemness properties. Functionally, expression of this marker has been associated with an increased tumorinitiating ability and ability to grow in non-attachment conditions, a well known surrogate measure of CSC-like activity. We found that MACS-sorted CD133+ Huh7cells were able to form spheres under non-attachment conditions, in contrast to their CD133-counterpart (Figure S1). This was not the case with HepG2 cells, where no sphere formation was observed, possibly due to the lower enrichment of CD133+ cells that was attained using MACS. In addition, the consistent overexpression of de novo DNA methylation genes (DNMT3A in both cell lines, and DNMT3B in HepG2) favors the idea of a unique DNA methylation program.

A differential DNA methylome defines CD133-and CD133+ liver cancer cells

The above results support the hypothesis of a phenotypic and functional uniqueness of CD133+ cells. These cells also display a higher expression of de novo DNMTs, and this may be reflected in a differential configuration of their DNA methylome. To study this possibility, we performed a genomewide DNA methylome analysis in FACS-sorted CD133-and CD133+ fractions from Huh7 and HepG2 cells (Figure 2a). DNA isolated from these fractions was interrogated with the Illumina Infinium 450k bead array, which covers different genomic features of interest in addition to all human bona fide CpG islands (20). We first performed unsupervised analyses and found that parental cell line was the main factor defining DNA methylation variation (Figure S2). Therefore, our main analysis compared CD133-to CD133+ fractions accounting for cell of origin (see Materials and Methods). The class comparison analysis resulted in 823 differentially methylated probes [corresponding to 472 annotated genes] at significant p value (p<0.001), although relatively high FDRs (FDR=0.58), probably due to sample variability and cell line differences. Therefore, for downstream data mining, we increased the stringency of the analyses by further filtering the significant list to keep only those CpG sites where the average differential methylation was at least 5% between the two groups in both cell lines. The resulting 608 differentially methylated probes correspond to 394 RefSeq genes, and represent those CpG sites significantly hypo or hypermethylated in CD133+ cells in both cell lines, relative to their negative counterpart (Table S1). Most of these probes (n=510, 84%) were hypomethylated in CD133+ cells, while 98 (16%) were hypermethylated (Figure 2b). An important proportion of differentially methylated loci (45%) were not related to CpG islands (CGI) or their neighboring shelves and shores ope sea pro es i Figure ). For those probes matching annotated genes, we found a significant overrepresentation of differentially methylated loci in the body of the genes (45%). This distribution relative to gene position and CpG island status was similar for hypomethylated sites, while hypermethylated sites were even more enriched in both, open sea (64%) and gene body (57%) probes (data not shown). Supporting the quality of the dataset was the finding of one CpG site within the CD133 (Prominin1 [PROM1]) locus among this list of differentially methylated sites. This CpG site was hypomethylated in CD133+ subpopulations from both cell lines, by 4.4% and 8% in Huh7 and HepG2 cells, respectively (Figure 2d).

After having identified differentially methylated CpGs and the genes associated with these sites, we next aimed to identify the pathways that are specifically altered in CD133+ cells. To this end, we performed pathway analysis considering methylome profiles of both cell lines together or independently. Notably, in both cases there was enrichment in pathways previously associated with cancer stem cell activity, such as Jak-STAT, Notch, Wnt and Akt (Table S2). Other pathways included actin cytoskeleton, focal adhesion, and cell adhesion. In addition, there was a significant overrepresentation of inflammatory pathways, such as NFkB, p38, TNF, and TGF-β sig ali g pathways.

In summary, our data show that CD133+ liver cancer cells display a unique DNA methylome. In spite of the cell line specific profiles, we were able to produce a common CD133+ methylome signature, which includes the PROM1 gene itself. In addition, the methylome of CD133+ cells is characterized by a global reduction in DNA methylation, with an overrepresentation of non-CGI CpG sites. For those differentially methylated sites related to annotated genes (and mainly found in the gene bodies), there was an association with CSC-and inflammation-related pathways. These findings suggest that DNA methylation makes an important contribution to defining the phenotype and functionality of this cell subpopulation.

TGF-, but not IL-6, induces CD133 expression in a stable fashion

It has been reported that TGF- exposure increases the percentage of CD133+ cells in the Huh7 cell line (17), although the underlying mechanism remains largely unknown. We thus aimed to investigate whether TGF- may induce CD133+ cells in liver cancer cell lines through changes in DNA methylation. Importantly, both Huh7 and HepG2 cells, express the receptor for TGF- (TGFBRII) at similar levels, and respond to TGF- by phosphorylating the receptor-dependent SMAD3 (Figure S3a and S3b). In addition to TGF-, we performed a set of parallel experiments with the proinflammatory cytokine interleukin 6 (IL-6), which has also been associated with HCC risk (21). To this end, we selected commonly used cytokine concentrations that induced morphological changes after 4 days of treatment in both cell lines (in the case of TGF-), but did not have any effect on cell viability (Figure S3c andS3d). As expected, TGF- exposure during 4 days induced an almost threefold and two-fold increase in the percentage of CD133+ cells in Huh7 and HepG2 cells, respectively (Figure 3a). Interestingly, IL-6 treatment also induced a significant increase in CD133 positivity in both cell lines, although the increase was comparatively mild (approximately 50% increase) (Figure 3a). Next, we analyzed the persistence of the effect in CD133 expression induced by both cytokines.

To this end, we treated both cell lines as in the previous experiment. After 4 days, cell culture medium was replaced by standard medium, and cells were left in culture for additional 4 days. Cells were collected and screened for CD133 expression using FACS. Notably, only cells treated with TGF- showed a persistent increase in the percentage of CD133+ cells, of similar magnitude to the increase observed at day 4 (Figure 3a). Importantly, only TGF- exposure was able to induce a significant increase in the expression of CD133 at the transcriptional level in both cell lines (8 and 6 fold increase for Huh7 and HepG2, respectively) (Figure S3). TGF- is a member of a large family of pleiotropic cytokines that signal through a receptor complex comprising a diversity of type I and a type II serine/threonine kinases. The recombinant TGF-1 used in our assays is expected to bind the activin receptor-like kinase (ALK)5 (the TGF-beta type I receptor) (22). To rule out unspecific effects of this treatment, we used the small molecule inhibitor SB-431542, which targets ALK5 and ALK5-related type I receptors, with no effect on other family members that, for example, recognize bone morphogenetic proteins (BMPs) (23). By using this specific inhibitor of TGF- pathway, we were able to abrogate the effect of TGF- in inducing CD133 expression (as well as the morphological changes) in both cell lines (Figure 3b and S3e). Therefore, the ability to induce CD133+ cells is specific and fully dependent on TGF- type I receptor signaling in both, Huh7 and HepG2 cells (Figure 3b).

Together, these findings suggest that TGF- is able to specifically and stably induce CD133 expression (in contrast to the milder and transient effect of IL-6), an observation consistent with epigeneticallyinduced phenotype persistence.

De novo induction of CD133 by TGF-is associated to an increased expression of DNMT3 genes

The increase in CD133 positivity induced by TGF-can be due to a switch in the expression of CD133, or an increased rate of growth specifically in the smaller CD133+ fraction of cells. To distinguish between these two possibilities, we repeated the previous experiment in cells negative for CD133 expression, selected by depletion of CD133+ cells using MACS (see Materials and Methods). In both cell lines, TGF- was able to significantly induce a population of CD133+ cells, evident after 4 days of treatment (Figure 4a). Also in this case, we replaced the medium after 4 days, and let the cells grow in the absence of cytokines for additional 4 days. After these additional 4 days, the increase in CD133 positive fraction was even higher, relative to the one observed at day 4, for both cell lines (Figure 4a). Importantly, although there was a spontaneous induction of a CD133+ fraction in Huh7 cells (from 0 to 20% after 4 days), this percentage did not significantly change at day 8, and is similar to what is found in untreated Huh7 cells in basal conditions. This indicates that there is a balance between the CD133 negative and positive fractions in this cell line. In contrast, the surface expression of CD133 remained close to zero in HepG2 control cells. This finding indicates that TGF- is able to induce the expression of CD133 surface protein, and not an increased proliferation of CD133+ cells. This is also supported by the expected lower rate of proliferation of cells treated with TGF- (Figure S4). Similar to our previous experiment, under these conditions IL6 only showed a transient effect. Interestingly, this effect of IL6 was only seen in Huh7 cells after 4 days, potentially linked to the spontaneous induction of CD133+ cells in this cell line.

After having shown that TGF- is able to induce a de novo fraction of CD133+ cells, we asked whether this effect correlated with a differential expression of DNA methylation players, as we have shown that CD133+ cells overexpress DNMT3 genes in basal culture conditions (Figure 1c). All DNMTs and TET2 displayed a significant increase in mRNA expression in at least one of the two cell lines, while TET1 was underexpressed after 4 days of release from TGF- exposure (Figure 4b). As shown for the basal CD133-expressing cells (i.e. those isolated from untreated HCC cell lines), the most consistent finding was the statistically significant overexpression of DNMT3A in both cell lines after TGF- treatment. Of note, in none of the conditions of study IL-6 exposure was able to induce statistically significant changes at the mRNA expression level of genes related to DNA methylation/demethylation (Figure 4b).

Combined, these data shows the ability of TGF- (in contrast to IL-6) to induce a stable de novo fraction of CD133-expressing cells in two independent liver cancer cell lines. This induction correlates with a functional characteristic of basal CD133+ cells, which is the increased ability to grow under non-attachment cell culture conditions (Figure 4c). Moreover, the differential expression of de novo DNMTs induced by TGF- indicates that the expression of CD133 may be a marker of a more general expression program that defines this tra sdiffere tiated cell subpopulation.

Transdifferentiation to CD133+ cells correlates with a methylome reconfiguration

Having shown that CD133+ cells display a unique DNA methylome, and that TGF- is able to induce a de novo CD133+ fraction of cells, we decided to study the DNA methylome induced by TGF- exposure. To this end, we used the same Infinium 450k platform to interrogate DNA methylation changes induced by 4 days of TGF- exposure in both, Huh7 and HepG2 cells (Figure 5a). In addition, to define the epigenetic persistence of TGF- effects, we included the DNA from cells released 4 days into normal cell culture medium after the TGF- treatment. As described above for the DNA methylation profile of CD133-expressing cells, the methylome of Huh7 and HepG2 cells are clearly distinguishable, independently of the experimental conditions (Figure S5). However, in addition to cell type-specific changes we were able to observe genome-wide changes induced by TGF- in a cell type-independent fashion. To define a TGF--induced DNA methylation signature, we focused on those loci that were significantly hypo or hypermethylated in both cell lines. In addition, we were interested in those changes that were persistent through cell division and stable in the absence of TGF-. Therefore, we selected significant loci (FDR<0.05) that were differentially methylated at both, 4 days of treatment and 4 additional days after release. Finally, we selected those CpG sites that reached an average difference of at least 5% at day 8 (4 days post-release) (Figure 5b). 568 probes fulfill all criteria, with 100 hypomethylated after TGF- exposure (18%) and a great majority hypermethylated (n=468, 82%) (Table S3 andS4). In addition, differentially methylated sites were classified into different clusters according to their pattern of expression (Figure 5b). Four out of five clusters represented probes consistently hypermethylated after TGF- treatment in both cell lines, and corresponding to most of the differentially methylated probes (Figure 5c). These loci included both de novo DNMTs, DNMT3A (one CpG site) and DNMT3B (two CpG sites). Differentially methylated sites also included TGF--related and chromatin-related genes, such as CDKN1B, COL1A1, TRRAP, FGFR3, HDAC7, ARID3A, and KDM6B. One cluster corresponded to probes significantly hypomethylated after TGF- exposure, including loci such as CALD1, BMP1, IL18, and IRAK2. In a similar way to the CD133 methylome, we found enrichment of differentially methylated probes in open sea and gene body regions (60% and 43%, respectively) (Figure 5d). Furthermore, a significant proportion of differentially methylated probes were mapped to known enhancer sites (40%). This enrichment in enhancer sites reached 73% of significant probes when considering only those probes hypomethylated after TGF- treatment. A selection of differentially methylated loci, including DNMTs, was validated using an independent quantitative method, bisulfite DNA pyrosequencing (Figure 5e).

Our data shows that the effect of TGF- in liver cancer cell lines comes along with a remarkable reconfiguration of the DNA methylome at multiple loci. This reconfiguration is stable and common to two independent cell lines, and affects a significant proportion of enhancer regions, potentially linked to gene expression changes. The TGF- methyl-sensitive signature described here includes DNA methylation players themselves and a significant enrichment of TGF- pathway loci, indicating a potential role for DNA methylation in establishing a TGF--induced phenotype switch in these cells.

TGF- -induced methylome matches the basal CD133+ methylome and is reflected on mRNA expression

To gain a better insight on the consequences of TGF--induced methylome reconfiguration on the phenotype, we performed a whole genome expression analysis in both, Huh7 and HepG2 cells. We chose the 8-days time point (4 days of TGF- treatment + 4 days post-release), considered in our model as the one defining long-term, stable changes induced by this cytokine (Figure 6a). Bead array expression analysis showed an expected profile of gene expression in both cell lines, including known TGF- targets (Table S5). I additio , type I transforming growth factor beta receptor binding as the first gene ontology category at the molecular function level (Table S5). However, when intersecting the expression (n=1032) and methylation (n=242) significant gene lists, there was no significant overlap (26 common genes) (Figure 6b and6c). Interestingly, a majority of overlapping genes (17 out of 26) were positively correlated between mRNA expression and DNA methylation (Figure 6c and Table S6). This was the case for key TGF- pathway targets such as BMP1, and de de novo DNA methylation factor DNMT3B. Most of these correlations were validated by qRT-PCR analyses (Figure S6).

Although overlapping differentially expressed and differentially methylated genes did not show a marked correlation, the effect of a specific methylation change on gene transcription is known to depend on the genomic location (24). Therefore, we plotted all expression and methylation data, and analyzed separately CpG island and non-CpG island sites. As expected, no obvious correlation can be seen when plotting simultaneously all genes, independently of genomic location (Figure 6d). However, hypermethylated sites within CpG islands were positively correlated with gene expression.

Genes displaying this behavior included SMARCD3, COL12A1, CDKN1A, and TIMP2 (Figure 6d). Notably, most island CpG sites positively correlating with gene expression were located in the body of the genes. In contrast, CpG sites in non-CGI locations were either negatively (e.g. PROM1, KRT86, IGFBP3, DLK1) or positively (e.g. VIM, HSPB8, CAV1, SERPIN2) correlated with gene expression (Figure 6d). This was independent of the location of the CpG site within the gene.

Our two independent genome-wide experiments have shown that basal CD133+ cells from two liver cancer cell lines display a common methylome signature, and that TGF- is able in turn to induce a common reconfiguration of the methylome. As TGF- stably induces a de novo fraction of CD133+ cells, we asked whether the DNA methylation changes induced by TGF- were similar to the basal ability of TGF-β to induce DNA methylation changes at the genome-wide level. We were able to show cell line-independent changes in DNA methylation induced by TGF-β in a stable fashion suggesting an epigenetic mechanism involved in the establishment of a stemness cellular program. The methylome of TGF-β -treated cells significantly overlapped with the methylome of CD133+ cells in basal conditions. This overlap indicates that TGF-β not only induces a CSC marker, but also a defined DNA methylation profile. Furthermore, the finding that TGF-β has additional effects on DNA methylation, cell line-and CD133-independent, was somewhat unexpected. This differential methylation may indicate an ongoing activation of the DNA methylation machinery leading to CD133 cell transdifferentiation. Further studies at longer time points and analyses of isolated CD133-cells may shed light on the ability of TGF-β to imprint a DNA methylation signature without inducing CD133 expression.

Notably, although TGF-β is known to induce DNA methylation changes at discrete loci (26)(27)(28), little evidence existed to date of a genome-wide level of TGF-β-methylsensitive activity. Specifically, several previous reports were focused on chromatin changes associated with epithelialmesenchymal transition (EMT). EMT is a developmental process that involves actin cytoskeleton reorganization and loss of apical-basal polarity and cell-to-cell contact, and like other developmental processes it involves epigenetic reprogramming (29). Pathological EMT processes, such as tumor metastasis, maintenance of cancer stemness, and fibrosis are also subject to epigenetic reprogramming. However, both at physiological and pathological levels, EMT-related epigenetic reprogramming has been mainly linked to widespread changes of histone marks or histone modifiers (30)(31)(32). Interestingly, gene-specific changes in DNA methylation have been correlated with the ability to maintain epigenetic silencing of critical EMT genes (27). In other words, DNA methylation seems to be involved in the process of fixing the switch between epithelial and mesenchymal phenotypes. This is in line with a model of persistent changes in DNA methylation induced by TGF-β (Figure 7). Indeed, our experimental design was intended to reproduce an epigenetic process, by selecting only those changes in DNA methylation that survived cell division. Whether this effect of TGF-β is specific of transformed cells will require further studies. Nevertheless, the uncovering of the mechanisms involved in TGF-β induction of cells with cancer stem cell behavior may have important consequences.

In summary, our data support and reinforce several previous studies that have pointed to an association between CSCs, and TGF-. In addition, we provide a mechanistic insight into the process that may lead to the stable induction of CSCs. Our study demonstrates that a key cytokine involved in HCC progression, TGF-, is able to transdifferentiate liver non-stem cancer cells into cancer stem cells. The results reported here are in agreement with a model in which DNA methylation plays a pivotal role in establishing the cellular program of liver cancer stem cells (Figure 7). The dynamics of a related process has recently been shown for CD44+ breast cancer stem cells (33). However, in our model, the effect of TGF-is persistent (as compared to the effect of another cytokine, IL6) and therefore epigenetically acquired. The evidence of an active interplay between TGF- and the DNA methylation machinery provided by our study supports this notion. column was removed from the separator and placed on a 15 ml collection tube. Labeled cells were collected by firmly pushing the plunger in the column. To increase purity of CD133+ cells, the eluted fraction was enriched a second time over a new LS column. For each experiment, aliquots were kept to test by FACS the efficiency of the enrichment.

Bisulfite modification and pyrosequencing

To quantify the percentage of methylated cytosine in individual CpG sites, we performed bisulfite pyrosequencing, as previously described (36). For samples processed for Infinium bead arrays, the conversion was performed on 600 ng of DNA using the EZ DNA methylation Kit (Zymo Research) and modified DNA was eluted in 16 ul of water. Quality of modification was checked by PCR using modified and unmodified primers for GAPDH gene. Pyrosequencing assays (primers for PCR, sequencing primers and regions) are described in Table S9.

Bead array methylation assays

Methylation profiles of the different samples were analyzed using the 450K Infinium methylation bead arrays (Illumina, San Diego, USA). Briefly the Infinium Humanmethylation450 beadchip interrogates more than 480,000 methylation sites (20). The analysis on the bead array was conducted following the recommended protocols for amplification, labeling, hybridization and scanning. Each methylation analysis was performed in duplicate (for CD133+ versus CD133-samples) or in triplicate (for all other methylome analyses).

Whole genome expression array

Total RNA as isolated usi g the TRIzol Reage t I itroge a ordi g to the a ufa turer's instructions. RNA quantity and quality were assessed with a ND-8000 spectrophotometer and bioanalyzer. 500 ng of total RNA was used for each Human HT-12 Expression BeadChips (Illumina), as previously described (37). 10 candidate genes were selected for validation using quantitative RT-PCR. classified as Open sea sites. WebGestalt (WEB-based GEne SeT AnaLysis Toolkit) web application was used for gene set enrichment analyses, including Gene Ontology, and pathways (39).

Additional R/Bioconductor packages and R/Bioconductor scripts were used for modeling the effect of TGF-β a d CD e pressio i a linear regression. Data loading and preprocessing was performed with the ater elo pa kage, removing low quality probes based on detection P value (40). This was followed by batch correction using the ComBat fu tio of the s a pa kage (41) and linear odeli g usi g li a (42).

Statistical Analysis

BRBArrayTools and R/Bioconductor packages were used for bead array analyses, as described above.

For other comparisons, means and differences of the means with 95% confidence intervals were obtained using GraphPad Prism (GraphPad Software Inc.). Two-tailed student t test was used for unpaired analysis comparing average expression between classes. P values < 0.05 were considered statistically significant. Correlations and r2 values are shown within the panels. F. Overlap between the two methylation signatures, CD133+, and TGF- exposure, was done using only differentially methylated genes. The relative enrichment (representation factor) and significance are also shown. Within liver cancer cell lines a minority of cells express the surface marker CD133. These so called cancer stem cells (CSC) are depicted in red. Non-stem cancer cells are shown in blue. In the cell culture, CSCs can be induced spontaneously (discontinuous arrow) or under the effect of cytokines such as interleukin-6 (IL6) and transforming growth factor beta (TGF-). The effect of TGF- is higher in magnitude and persistent through cell division (thicker and one-directional arrow). In our model, this epigenetic effect of TGF- is mediated by changes in DNA methylation mediated by de novo DNMTs, DNMT3A and DNMT3B.
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 1 Figure 1. Functional divisions of the liver by Couinaud.

Figure 2 .

 2 Figure 2. Histological organization of the liver. (Kline et al., 2011)

Figure 3 .

 3 Figure 3. Functional anatomy of the liver. A. Scheme of the global organization of a hepatic lobule. B. Sections showing the different cells comprised in the liver (Adams and Eksteen, 2006).

Figure 4 .

 4 Figure 4. Multistep model for liver regeneration. Liver regeneration is divided into two phases, priming and cell cycle progression. Priming is a reversible process initiated by cytokines as well as nutritional and hormonal signals. Priming sensitizes the cells to growth factors but is ineffective in their absence. Growth factors are required for cells to move beyond a restriction point in G1 ( adapted from Fausto, 2000).

Figure 5 .

 5 Figure 5. Model of the hepatic stem cell niche in the canal of Hering. (Kordes and Häussinger, 2013)

Figure 6 .

 6 Figure 6. Alcoholic liver diseases.The interrelationships among hepatic steatosis, hepatitis, and cirrhosis are shown, along with a depiction of key morphologic features at the microscopic level(Kumar, Abbas et al. 2007) 

Figure 7 .

 7 Figure 7. Changes in hepatic architecture (a) associated with advanced hepatic fibrosis (b).Following liver injury, lymphocytes infiltrate the hepatic parenchyma. Some hepatocytes undergo apoptosis, and Kupffer cells are activated to release fibrogenic mediators such as transforming growth factor-β (TGF-β) and tumor necrosis factor-α (TNF-α). In response to these cytokines, hepatic stellate cells (HSC) transdifferentiate into myofibroblast-like cells and come to secrete large amounts of extracellular material (ECM) proteins. Affected hepatocytes also participate in liver fibrogenesis by stimulating the deposition of ECM proteins. As liver fibrosis progresses, sinusoidal endothelial cells lose their fenestrations, with tonic contraction of HSC increasing resistance to blood flow in hepatic sinusoids[START_REF] Matsuzaki | Smad phosphoisoform signaling specificity: the right place at the right time[END_REF].

Figure 8 .

 8 Figure 8. The IL-6/JAK/STAT signaling pathway in hepatocytes.After activation of the IL-6 receptor through the interaction with its ligand, the canonical JAK/STAT pathway is activated. Alternative IL-6 activated pathways include the MAPK pathway. IL-6 signaling includes different regulation systems including a negative feedback triggered by SOCS proteins.[START_REF] Taub | Liver regeneration: from myth to mechanism[END_REF].

  of the signal continues through the SMAD pathway. Carboxy-terminal phosphorylation of SMAD2 and SMAD3 by activated receptors results in their partnering with the common signaling transducer SMAD4, and translocation to the nucleus. Activated Smads regulate diverse biological effects by partnering with transcription factors resulting in cell-state specific modulation of transcription. Activin and Nodal ligands will transmit signals through the same SMAD2/SMAD3 pathway, while other families of ligands (BMPs,

Figure 9 .

 9 Figure 9. The TGF-β /Smad signaling pathways Smad-dependent and Smad-independent TGF-β family signaling. Ligands of TGF-β family members bind to type I and type II receptors. Upon ligand binding, the type II receptors phosphorylate the type I receptors, which then phosphorylate and activate effector Smads. The activated Smads form complexes with Smad4, and translocate into the nucleus. The Smad complex interacts with other transcription factors, co-activators or co-repressors to regulate transcription of target genes. TGF-β also elicits activation of other signaling cascades independent of Smad pathways. TGF-β activates the Ras-Raf-MEK-Erk MAPK pathway through tyrosine phosphorylation of ShcA, and p38 and JNK MAPK signaling through activation of TAK1 by the TRAF6. TGF-β also activates the small GTPases Rho, Rac and Cdc42, and the PI3K-Akt pathway (Sakaki-Yumoto et al., 2013).

Figure 10

 10 Figure 10 recapitulates the various biological actions established for TGF-β in liver injury context.

Figure 10 .

 10 Figure 10. Diversity and complexity of TGF-β induced biological effect during liver disease progression. During the life span, the liver undergoes many different phases, as shown along the central time line. Strongly depending on the disease stage, TGF-β, and thus its targeting, might have a good (+) or bad (-) outcome in the organ. (Dooley and ten Dijke, 2012).

Figure 11 .

 11 Figure 11. Representation of phosphorylated sites in SMAD2 and SMAD3 (Matsuzaki, 2012)

Figure 12 .

 12 Figure 12. Cell type-specific temporal dynamics of R-Smad phosphoisoforms.Although linker phosphorylation is transient after mitogen treatment of normal epithelial cells (A), mitogen-inducible phosphorylation generally persists in various mesenchymal cells (B). Moreover, constitutive linker phosphorylation is found in almost all types of carcinomas and Ras-transformed cells (C). Because mitogenic pSmad3L signaling is followed by the cytostatic pSmad3C signaling in normal epithelial homeostasis, pSmad2L/C and pSmad3L/C rarely exist in normal epithelial cells (A). Resembling observations in mesenchymal cells (B), carcinomas acquire an invasive phenotype via the pSmad2L/C pathway created by a combination of TGF-β signal with intracellular Ras signal (C)[START_REF] Matsuzaki | Smad phosphoisoform signaling specificity: the right place at the right time[END_REF].

Figure 13

 13 Figure 13 Tumor development. Schematic representation of the multistep process of carcinogenesis during which environmental exposure may trigger genetic and epigenetic changes (Herceg, unpublished).

Figure 14 .Figure 15 .

 1415 Figure 14. Estimated age-standardized incidence rate per 100000 of liver cancer(Ferlay et al., 2010) 

Figure 16 .

 16 Figure 16. Sequential gene alterations leading to HCC. (Shiraha et al., 2013)

Figure 17 .

 17 Figure 17. Molecular mechanisms and cellular processes involved in the road from inflammation to tumor initiation.

Figure 18 .

 18 Figure 18. Roles of TGF-β during multistep hepatocarcinogenesis. TGF-β inhibits proliferation of pre-malignant hepatocyte. At early stage of HCC, TGF-β probably still continues its growth arrest action, but may also initiate in the same time tumor promotion. At advanced stages TGF-β clearly support the tumor growth through cell proliferation and EMT (adapted from Yamazaki et al., 2011).

Figure 19 .

 19 Figure 19. The clonal evolution model versus the cancer stem cell model. (A) The clonal evolution model is a non-hierarchical model where mutations arising in tumor cells confer a selective growth advantage. Depicted here is a cell (red) that has acquired a series of mutations and produced a dominant clone. Tumor cells (red and orange) arising from this clone have similar tumorigenic capacity. Other derivatives (grey) may lack tumorigenicity due to stochastic events. Tumor heterogeneity results from the diversity of cells present within the tumor. (B)The cancer stem cell model is predicated on a hierarchical organization of cells, where a small subset of cells has the ability to sustain tumorigenesis and generate heterogeneity through differentiation. In the example shown, a mutation(s) in a progenitor cell (depicted as the brown cell) has endowed the tumor cell with stem cell-like properties. These cells have self-renewing capability and give rise to a range of tumor cells (depicted as gray and green cells), thereby accounting for tumor heterogeneity(Visvader and Lindeman, 2012) .

Figure 20 .

 20 Figure 20. Combination of the CSC and the clonal evolution models A combination of the CSC model and the stochastic (clonal evolution) model has been proposed to account for clonal diversity of CSCs. Each CSC clone is thought to evolve through the acquisition of genetic mutations. Phenotypically and functionally distinct major clones and minor clones may exist in a tumor. Each clone is organized into a hierarchical structure (Sugihara and Saya, 2013).

Figure 21 .

 21 Figure 21. Membrane topology of human CD133. The N-terminal domain is located outside the cell (lumen), whereas the C-terminal one is within the cytoplasm. Five transmembrane segments are drawn as cylinders, and potential N-glycan structures present in the large extracellular loops (≈250 amino acid residues) appear as forks. The presence or absence of a particular exon within the open reading frame is presented with the name of the respective splice variant (named s1-12). Numbering of the exons is such that exon 1 bears the translation start codon. (Grosse-Gehling et al., 2013).

Figure 22 .

 22 Figure 22. Biological processes and molecular signaling in CD133+ liver cancer stem cells.Molecular characteristics can be grouped into four major biological processes (proliferation, pluripotency, tumorigenesis and chemoresistance) and it should be noted that signaling pathways are usually involved in more than one specific processes.

Figure 23 .

 23 Figure 23. Signaling between CSCs and tumoral microenvironment (adapted from Castaño et al., 2012)

Figure 24 .

 24 Figure 24. The three fundamental epigenetic mechanisms: histone modifications, RNA interference and DNA methylation[START_REF] Sawan | Epigenetic drivers and genetic passengers on the road to cancer[END_REF] 

  MicroRNAs (miRNAs) are a class of approximately 22-nt-long non-coding RNAs found in eukaryotes. miRNA processing is mediated by the nuclear Drosha/Pasha complex with RNase III activity and further mediated by the RNase III enzyme Dicer to generate a 22-bp miRNA duplex. miRNA can inhibit gene expression by mRNA degradation or by translational inhibition of target genes. MiRNA genes constitute approximately 1-5% of the predicted genes, with up to 24521 miRNA genes in the human genome (miRBase release 20, June 2013). miRNAs are able to regulate expression of hundreds of target mRNAs simultaneously, thus controlling a variety of cell functions including cell proliferation, stem cell maintenance, and differentiation. The last important epigenetic mechanisms takes place on the DNA template itself: DNA methylation consists of a chemical modification of the cytosine base. Many fundamental cellular events are the result of epigenetic signals modifying DNA methylation in the genome

Figure 25 .

 25 Figure 25. Chemical reaction of cytosine methylation on the 5' carbone of the base S-adenosyl methionine serves as a methyl group donor. The direct reaction (methylation) is catalyzed by DNMT enzyme while the indirect reaction (demethylation) comprises different intermediaries states and involves TET proteins (adapted from Dricu et al., 2012).

Figure 26 .

 26 Figure 26. Schematic structure of human DNMTs and DNMT3-like proteins Conserved methyltransferase motifs in the catalytic domain are indicated in red. NLS, nuclear localization signal; RFT, replication foci-targeting domain; BAH, bromo-adjacent homology domain; PWWP, a domain containing a conserved proline-tryptophan-tryptophan-proline motif; PHD, a cysteine-rich region containing an atypical plant homeodomain; aa, amino acids. DNMT3L lacks the critical methyltransferase motifs and is catalytically inactive (adapted from Chen and Riggs, 2011).

Figure 27 .

 27 Figure 27. Known and putative pathways of DNA demethylation that involve oxidized methylcytosine intermediatesTen-eleven translocation (TET) proteins sequentially oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). 5fC and 5caC can be removed by thymine DNA glycosylase (TDG) and replaced by cytosine via base excision repair (BER), although the extent to which this mechanism operates in specific cell types during development is unknown. Other proposed mechanisms of demethylation are less well established, including decarboxylation of 5caC, DNA methyltransferase (DNMT)-mediated removal of the hydroxymethyl group of 5hmC and deamination of 5hmC (and 5mC) (see main text) by the cytidine deaminases AID (activation-induced cytidine deaminase) and APOBEC (apolipoprotein B mRNA editing enzyme, catalytic polypeptide). AID enzymes deaminate cytosine bases in DNA to yield uracil. AID and the larger family of APOBEC enzymes have been proposed to effect DNA demethylation by deaminating 5mC and 5hmC in DNA to yield thymine and 5hmU, respectively. As these are present in mismatched T:G and 5hmU:G basepairs, they have been proposed to be excised by SMUG1 (single-strand-selective monofunctional uracil DNA glycosylase) or TDG[START_REF] Pastor | TETonic shift: biological roles of TET proteins in DNA demethylation and transcription[END_REF].

Figure 28 .

 28 Figure 28. Schematic structures of TET family members.Ten-eleven translocation (TET) proteins contain a DNA-binding CXXC domain towards the amino terminus and a carboxy-terminal catalytic core region that includes a Cys-rich insert and a larger double-stranded β-helix (DSBH) domain. The number of amino acids is indicated, and the numbering corresponds to the human proteins[START_REF] Pastor | TETonic shift: biological roles of TET proteins in DNA demethylation and transcription[END_REF].

Figure 29 .

 29 Figure 29. Distribution of CpG sites across the genome. CpG site regions have been named according to their density in CpG sites: islands possess a high density of CpG sites, they are surrounded by shelf and shores regions. CpG oceans correspond to regions where CpG sites are spread. Every CpG site can be transformed by DNA methylation writer (DNMT enzymes) or eraser (TET proteins) and can be further bound by DNA methylation readers (MBD or Kaiso like proteins) that will further recruit other chromatin remodelling factors.

Figure 31 .

 31 Figure 31. A hypothetical model depicting cross-talk between activation of inflammatory pathways and epigenome deregulation during liver tumor development.Different components of the inflammatory response (including transient and stable modifications such as activation of inflammatory pathways nuclear factor (SMAD and JAK/STAT) may induce changes in epigenetic machineries (including DNA methylation, histone modifications and non-coding RNAs), resulting in an 'epigenetic switch' that resets the long-term memory system in hepatocytes. The epigenetic switch in turn may contribute to a persistent inflammatory response through altered gene expression states and a positive feedback loop to exacerbate a chronic state of inflammation. In addition, the deregulated epigenome may maintain an altered transcriptional program that promotes proliferation and oncogenic transformation. This interdependent and self-reinforcing cross-talk between inflammation and the epigenome maintains and amplifies inflammatory signals, resulting in a series of events culminating in the development of liver cancer. The epigenetic switch may also be activated in hepatic or liver progenitor cells whose proliferation is stimulated during liver regeneration and repair. Therefore, an inflammatory microenvironment and an epigenetic switch in response to different environmental factors can directly promote activation of liver progenitor cells and their oncogenic transformation. DNMT, DNA methyl transferase (adapted fromMartin and Herceg, 2012).

  N.Haraguichi et al, 2010) was used: DMEM F12 (Gibco) completed with L-glutamine 1X (Gibco), sodium Pyruvate 1X (Gibco),non-essential-amino-acid MEM 1X (Gibco), 10mg/L recombinant human insulin (Sigma-Aldrich), 1 μM dexamethasone (Sigma), 200 μM L-acorbate-2-phosphate (Sigma-Aldrich), 10mM Nicotinamide (Sigma-Aldrich), penicilline/streptomycine 1X (PAA), 20 ng/mL human EGF and 10ng/mL human FGF. After trypsinization, cells were counted, tested for viability with Trypan blue and washed once with hepatosphere medium. 15,000 cells were plated in low attachment 6 wells plates (Corning) with 2ml of hepatosphere medium. Spheres were counted after 5 or 6 days.

Figure 32 .

 32 Figure 32. Main steps for magnetic activated cell sorting.This scheme is representing main steps of the MACS protocol and the differences between manufacturer's and our optimized procedures.

  the supernatant was transferred into a new tube. DNA was precipitated with isopropanol, and the pellet was cleaned with 70% ethanol. Extracted DNA was finally resuspended in water. Quantity and quality of the extracted DNA were assessed with a ND-8000 spectrophotometer (Nanodrop, Thermo scientific). DNA pellets were stored at -percentage of methylated cytosine in individual CpG sites, we performed a bisulfite treatment on the DNA. This technique consists of treating DNA with bisulfite, which causes unmethylated cytosines to be converted into uracil (Figure34) while methylated cytosines remain unchanged. Then, the methylated and unmethylated cytosines can be easily distinguished. For samples directly analyzed by pyrosequencing, the conversion was performed on 150 to 500 ng of DNA using the the EZ DNA methylation Gold Kit (Zymo Research) and modified DNA was eluted in 15ul of water (samples were stored at -20°C until use). For samples processed on the bead array, the conversion was performed on 600ng of DNA using the EZ DNA methylation Kit (Zymo Research) and modified DNA was eluted in 16ul of water.

Figure 34 .

 34 Figure 34. Chemical steps occurring during bisulfite conversion.

Figure 35 .

 35 Figure 35. Pyrosequencing methods (Herceg and Vaissière)

  Cells were centrifuged and supernatant was collected in a new eppendorf. 200ul/ml TRIzol was added, and cell suspension was vortexed and let at RT for 15min. After centrifugation the aqueous phase was collected in a new tube, and RNA was precipitated with 500ul of isopropanol. RNA pellet was then washed once with 75% ethanol and finally resuspended in water. RNA quantity and quality were assessed with a ND-8000 spectrophotometer and bioanalyzer. Pellets were stored at -80°C until use. Using the Illumina TotalPrep RNA Amplification Kit (Lifetechnologies), 500 ng of total RNA from HepG2 and Huh7 cells treated or not with TGF-b were reverse-transcribed and biotin-labeled cRNAs were then generated. The distribution of homogeneous cRNAs were checked with the Agilent bioanalyzer instrument and the RNA 6000 Nano kit and 750 ng were hybridized overnight to Human HT-12 Expression BeadChips (Illumina) targeting 25,000 genes with 48,804 probes covering RefSeq (including coding transcript with well-described or provisional annotation and non-coding transcript) and UniGene annotated genes. The hybridized chips were washed and processed to detect biotin-containing transcripts by streptavidin-Cy3 conjugate and scanned on a bead array reader (Illumina). For mRNA expression validation, 10 candidate genes were selected and their expression were re-analyzed by quantitative RT-PCR. To this end, reverse transcription reactions were performed using MMLV-RT (Invitrogen) and random hexamers on 500 ng of total RNA per reaction according to the manufacturer's protocol. Quantitative PCR was done in triplicate for each condition using the Mesa Green qPCR MasterMix Plus for SYBR Assay buffer (Eurogentec). The qPCR was performed with a CFX96T touch real time system (BIO-RAD). Four different housekeeping genes (HPRT1, GAPDH, SFRS4 and TBP1) were used for internal control. The different primers used are listed in Table9.Proteins extraction and Western BlotProteins were extracted in RIPA-like solution (50mM TrisHCl ph8, 150mM NaCL, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS) complemented with protease inhibitors (complete Mini, Roche). Protein concentration was measured by spectrophotometer (biophotometer, eppendorf). Proteins were separated by SDS-PAGE and transferred on nitrocellulose membranes. Immunostaining was performed with anti SMAD3, anti-phosphorylated SMAD3 and anti-tubulin for loading control Primary antibodies were detected with secondary antibodies (anti-mouse-HRP and anti-rabbit-HRP, DAKO) and revealed with ECL plus detection kit (on Amersham Hyperfilm ECL films).Statistical AnalysisRaw methylation and expression bead array data was exported from Genome Studio (version 2010.3, Illumina) into BRB-ArrayTools software (version 4.3.1, developed by Dr. Richard Simon and the BRB-ArrayTools Development Team). Data was normalized and annotated using the R/Bioconductor package lumi. Unsupervised clustering and class comparisons were performed as previously described. Only those probes with p values <0.001 and FDR<0.05 were considered significant for most analyses, except CD133-vs CD133+ comparison, where only the p value threshold was used. To define a "stable" methylome signature induced by TGF-β, we performed a control vs TGF-β class comparison blocking by cell line status (Huh7 or HepG2), and including day 4 and day 8 of exposure (day 8 corresponding to 4 days of exposure to TGF-β + 4 additional days with control medium). Using Infinium annotation data, Infinium sites (cytosines) were classified according to their relation to CpG islands and to the closest annotated gene. Sites unrelated to any annotated gene were classified as intergenic. BrB geneset class comparison tool and WebGestalt (WEB-based GEne SeT AnaLysis Toolkit) and DAVID (Database for Annotation, Visualization and Integrated Discovery) web

Figure 36 .

 36 Figure 36. CD133 expression in liver cancer cell lines. The expression of the stem cell marker CD133 was analysed by fluoresence activated cell sorting (FACS) in 3 independent cell lines, Huh7, HepG2 and PLC/PRF/5. The left panel shows a representative histogram for each of the cell lines (black histograms), with background (secondary antibody) represented by the empty histograms. The average expression +/-SD, from at least 3 independent assays, is shown on the right panel.

Figure 37 CD133

 37 Figure 37 CD133 gene (PROM1) is higher expressed in CD133+ cells.Huh7 and HepG2 cells were sorted by MACS and expression of CD133 was investigated by qRT-PCR in subpopulations differentially enriched for CD133+ cells ([-/-] ; [-/+] ; [+/+]). Expression was normalized to housekeeping gene. (*) indicates P value < 0.05.

Figure 38 .

 38 Figure 38. CD133+ cells are capable of producing spheres in low attachment conditions. Huh7 CD133+ and CD133-cells were sorted by magnetic activated cell sorting (MACS) and 15,000 cells were plated in ultra-low attachment conditions (see Materials and Methods). The left panel shows representative pictures of spheres formed after 7 days of culture. The right panel shows the total number of spheres counted for each condition (standard deviations of technical triplicates are represented).

Figure 40 .

 40 Figure 40. Expression of the genes encoding the key enzymes involved in DNA methylation maintenance in CD133+ cells. Huh7, HepG2 and PLCR/PRF/5 cells were sorted by MACS and expression of DNMT1, DNMT3A, DNMT3B, TET1 and TET2 were investigated by qRT-PCR in subpopulations differentially enriched for CD133+ cells ([-/-] ; [-/+] ; [+/+]). Expression was normalized to housekeeping gene. (*) indicates P value < 0.05.

Figure 41 .

 41 Figure 41. Experimental design for genome-wide DNA methylation study in CD133+ cells.Huh7 and HepG2 cells were sorted by FACS using CD133 antibody. DNA from CD133+ and C133cells was extracted, converted with bisulfite treatement and processed on the Illumina Infinium 450K bead array. For each cell line, biological duplicates for CD133+ and CD133-subpopulations were processed (see Materials and Methods).

Figure 42 .

 42 Figure 42. A differential methylome distinguishes CD133+ and CD133-cells.

Figure 43 .

 43 Figure 43. Genome-wide DNA methylation array revealed hypomethylation for PROM1 in CD133+ cells. Average_Beta (AVG_Beta) values obtained from the bead array assay were plotted for on significant CpG site within the CD133 (PROM1) promoter. The difference in methylation between CD133-and CD133+ cells (delta_Beta) is indicated for each cell line.

Figure 44 .

 44 Figure 44. CD133+ cells are globally hypomethylated compared to their negative counterpart. Median methylation (and distribution) for all the 608 differentially methylated loci (P<0.001, average delta beta >5%) distinguishing CD133-vs CD133+ cells in both cell lines. (*) indicates P value < 0.05 for comparison between CD133+ and CD133-cells in each cell line separately.

Figure 45 .

 45 Figure 45. Regional distribution of the differentially methylated CpG loci in CD133+ cells. Significant loci were distributed according to CpG island relationship as Island, shore, shelf, and open sea and are represented in the left pie chart for all the 608 significant loci. The right pie chart represents the distribution of the significant loci in relation to annotated genes (within 200 or 1500 bp from the TSS, 1 st exon, 3' or 5' UTRs, and gene body).

Figure 46 .

 46 Figure 46. Huh7 and HepG2 cell lines expressed similar levels of TGFBRII. Huh7 and HepG2 cell lines were immunostained with TGFBRII antibody and analysed by FACS. The dot plots displayed are one representative example of triplicate experiment.

Figure 47 .

 47 Figure 47. Activation of SMAD3 after TGF-β exposure.

Figure 48 .

 48 Figure 48. IL-6 and TGF-β do not alter cell viability of HCC cell lines. Huh7 and HepG2 cells were treated with IL-6 or TGF-β (see Materials and Methods). Cell's viability was assessed by trypan blue staining. Mean (+ standart deviation) of three independent experiments are represented.

Figure 49 .

 49 Figure 49. TGF-β and IL-6 signaling pathways target genes expression in CD133+ cells.Huh7 and HepG2 cells were sorted by MACS and expression of SNAIL, P21, TGF-β (target genes of the TGF-β signalling pathway) JAK2 and STAT3 (target genes of the IL-6 signaling pathway) was investigated by qRT-PCR in subpopulations differentially enriched for CD133+ cells ([-/-] ; [+/+]). Expression was normalized to housekeeping gene GAPDH. (*) indicates P value < 0.05.

Figure 51 .

 51 Figure 51. TGF-β induces a persistent increase of CD133+ cells. Experimental design is indicated in the upper panel. Huh7 and HepG2 cells were grown in control culture conditions (depicted in gray text and lines), or exposed to 10 ng/ml IL-6 (red) or 10 ng/ml TGF-b (blue) during 4 days. Cells plated in parallel, had their medium replaced by control culture medium and were left in culture for an additional 4 days. FACS expression of surface CD133 protein is shown for day 0, day 4, and day 8 (4 days treatment + 4 days post-release) for all conditions. Histograms are shown for one representative replicate in the middle panel. Fold change compared to the control are shown for three biological replicates in the lower panel barplots. (*) indicates P value < 0.05.

Figure 52 .

 52 Figure 52. CD133 mRNA expression after TGF-β exposure. Experimental design was the same as described in Figure 50. CD133 mRNA level is shown for day 4, and day 8 (4 days treatment + 4 days post-release). Mean +/-standart deviation is shown for three biological replicates. Expression was normalized to housekeeping gene. (*) indicates P value < 0.05.

Figure 53 .

 53 Figure 53. Expression of TGF-β signaling pathway target genes after TGF-β exposure. Experimental design was the same as described in Figure 50. TGF-β, P21 and SNAIL mRNA levels are shown for day 4, and day 8 (4 days treatment + 4 days post-release). Mean (+standart deviation) is shown for three biological replicates. Expression was normalized to housekeeping gene. (*) indicates P value < 0.05.

Figure 54 .

 54 Figure 54. TGF-β can induce transdifferentiation of CD133-into CD133+ cells. Experiment described in Figure 50 was repeated in MACS-sorted CD133-cells, as depicted in the upper panel. Levels of CD133 expression were close to 0%, as shown in the upper histograms for both, Huh7 and HepG2 cells. Mean (+ SD) from three replicates is shown in the lower panels. (*) indicates P value < 0.05 relative to control conditions.

Figure 55 .

 55 Figure 55. TGF-β's effects on cell cycle. For Huh7 and HepG2 cells.

  Huh7 and HepG2 cells were grown in control culture conditions (depicted in gray text and lines), or exposed to 10 ng/ml IL-6 (red) or 10 ng/ml TGF-b (blue) during 4 days. Cells plated in parallel, had their medium replaced by control culture medium and left in culture for additional 4 days. TGf-β's effects on cell cycle was assessed by BrDU staining (see Materials and Methods) at day 4, and day 8 (4 days treatment + 4 days post-release) for all conditions. Histograms are shown for one representative replicate.

Figure 56 .

 56 Figure 56. Specificity of TGF-β's effect on CD133+ population. Huh7 and HepG2 cells were treated for 4 days with TGF-β + inhibitor (SB432542, specific inhibitor of the TGFBRI receptor) or with TGF-β + vehicle (DMSO). CD133 expression was observed by FACS. Mean (+ standart deviation) is shown for three biological replicates. (*) indicates P value < 0.05 relative to cells treated with vehicle. .

Figure 59 .

 59 Figure 59. Experimental design for genome-wide DNA methylation study in TGF-β exposed cells.Huh7 and HepG2 cells were treated as described in the upper panel. DNA was extracted, converted with bisulfite treatement, and processed on the Illumina Infinium 450K bead array. For each cell lines, biological triplicates for each conditions were processed (see Materials and Methods).

.

  

Figure 62 .

 62 Figure 62. A 580 loci DNA methylation signature can distinguish TGF-β exposed cells from their negative counterpart. Median methylation (and distribution) for all differentially methylated loci distinguishing TGF-β exposed vs control in each cell line. (*) indicates P value < 0.05 relative to non-treated cells at the corresponding time point for each cell lines separately.

Figure 63 .

 63 Figure 63. Regional distribution of the differentially methylated CpG sites after TGF-β treatment.The 580 significant loci were distributed according to CpG island relationship as Island, north shore, south shore, north shelf, south shelf, and open sea, and are represented in the left pie charts. Middle pie charts represent the distribution of significant loci in relation to annotated genes (within 200 or 1500 bp from the TSS, 1 st exon, 3' or 5' UTRs, and gene body). Right pie charts represent the fraction of differentially methylated probes annotated to a known UCSC enhancer.

Figure 64 .

 64 Figure 64. Validation by pyrosequencing of selected differentially methylated loci.A selection of significant loci were validated by pyrosequencing (as described in Methods), in both cell lines. (*) indicates P value < 0.05 relative to non-treated cells at the corresponding time point.

Figure 65 .

 65 Figure 65. Correlation between pyrosequencing and Illumina bead array analyses.For both Huh7 and HepG2 and for both time point, average beta of 6 CpG loci (located in TET2, TRRAP, CD68, DNMT3b, DNMT3a and TWIST) obtained after pyrosequencing and Illumina bead array were plotted. The dashed line delimits the values for one precise CpG locus (located in DNMT3b). Correlation was found statistically significant (Spearman test).

Figure 67 .

 67 Figure 67. Whole genome expression array validation.A selection of significant genes was validated by qRT-PCR in both cell lines. (*) indicates P value < 0.05 relative to non-treated. Expression was normalized to housekeeping gene.

Figure 68 .

 68 Figure 68. Correlation between whole genome expression (WGX) array and quantitative PCR analyses.

Figure 69 .

 69 Figure 69. Overlap between CD133+ and TGF-β DNA methylation profiles defines a significant signature of 117 genes.

  Huh7 and PLC/PRF/5 SP cells, we have 6 genes in common and only 3 of that are differentially methylated in the same direction in CSCs (CD133+ or SP). This can be explained by two major differences in the two experiments. First we did not use the same marker to target CSCs in HCC cell lines (CD133 expression vs. side population) and second the DNA methylation arrays used do not cover the same panel of CpG sites. The array used byZhai et al., is limited to CpG loci comprised in CpG islands and gene promoters when the Infinium bead array covers a much larger part of the genome with not only gene promoters but also in gene regions, intergenic regions and interrogates CpG loci not only comprised in

  addition, McDonald et al. (2011), described a TGF-β-induced EMT model using non-transformed mouse hepatocytes and they investigated global methylation changes but did not found any differences between cells that underwent EMT and parental cells. Therefore, the implication of DNA methylation for TGF-β's effect strongly depends on the duration of its effect and the cellular context (transformed/non-transformed cells). Here, we investigated DNA methylation signatures associated to TGF-β in a precise and constant in vitro model where the stability of TGF-β's effect has been clearly established in transformed cells. Admittedly, as suggested[START_REF] Mcdonald | Genome-scale epigenetic reprogramming during epithelial-to-mesenchymal transition[END_REF], cells that already underwent transformation can harbour epigenetic/genetic instabilities that render them more sensitive to further epigenomic changes. Nevertheless TGF-β is known to be involved not only in cell transformation and cancer initiation, but also in cancer progression. In transformed cells, TGF-β could set up a new DNA methylation profile that may reprogram the cell to promote tumor progression.

Figure 70 .

 70 Figure 70. DNA methylation changes occur after 2 days of TGF-β treatment. Huh7 cells were treated as described in A. DNMT3A, DNMT3B and TRRAP methylation profiles were investigated by pyrosequencing after 1, 2, 3 or 4 days of TGF-β treatment (10ng/ml) (B). Mean (+ standart deviation) is shown for three biological replicates. (*) indicates P value < 0.05.

Figure 71 .

 71 Figure 71. Model for TGF-β's effect on CD133+ CSCs in HCC and its consequence on the tumor development.In HCC, a natural homeostasis state is likely to exist within the tumor between CD133-and CD133+ cells. External stimulus, such as cytokines that are released in the microenvironment during inflammation, may alter this balance between non-stem cancer cells and CSCs. For example, our results show that TGF-β can stably alter this balance in favor of CSCs (CD133+ cells) in a permanent fashion. Inversely, IL-6 effect's is less strong that TGF-β and mostly is not stable (this effect is represented by a dotted double arrow). This switch induced by TGF-β in the CSC population could serve the tumor growth by increasing its aggressiveness and favor metastasis development.

Figure 72 .

 72 Figure 72. Model for the DNA methylation role in TGF-β induction of liver CSCs. Our results show that in HCC, TGF-β can induce transdifferentiation of non-stem cancer cells (CD133-) into CSCs (CD133+) and can induce a new DNA methylation profile. This model proposes that DNA methylation could be directly involved in the TGF-β-induced initiation of CSCs. Activation of the TGF-β signaling pathway would lead to the binding of SMAD proteins on regulating regions (such as enhancers) and could then recruit DNA methylation machinery complexes (including DNMT and TET proteins) to establish a new DNA methylation programming. This DNA methylation profile would sustain a specific genome expression program involving, among others, stem cell related signaling pathways (such as Wnt, Notch and Hedgehog signalling pathways).In details, DNA methylation and genome expression signature could be set up in two steps: first, SMAD and DNMT/TET interactions would target a primary panel of genes (including chromatin modifiers) for DNA methylation changes; second, transcription deregulations of these chromatin modifiers will in turn modulate the epigenetic profile and the transcription of secondary target genes.

Figure 1 .

 1 Figure 1. A hypothetical model depicting cross-talk between activation of inlammatory pathways and epigenome deregulation during liver tumor development.Diferent components of the inlammatory response (including transient and stable modiications such as activation of inlammatory pathways nuclear factor (NF)-κB and JAK/STAT) may induce changes in epigenetic machineries (including DNA methylation, histone modiications and non-coding RNAs), resulting in an 'epigenetic switch' that resets the long-term memory system in hepatocytes. The epigenetic switch in turn may contribute to a persistent inlammatory response through altered gene expression states and a positive feedback loop to exacerbate a chronic state of inlammation. In addition, the deregulated epigenome may maintain an altered transcriptional program that promotes proliferation and oncogenic transformation. This interdependent and self-reinforcing cross-talk between inlammation and the epigenome maintains and ampliies inlammatory signals, resulting in a series of events culminating in the development of liver cancer. The epigenetic switch may also be activated in hepatic or liver progenitor cells whose proliferation is stimulated during liver regeneration and repair. Therefore, an inlammatory microenvironment and an epigenetic switch in response to diferent environmental factors can directly promote activation of liver progenitor cells and their oncogenic transformation. DNMT, DNA methyl transferase.
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Figure 1 .

 1 Figure 1. CD133-and CD133+ liver cancer cells differentially express genes involved in DNA

Figure 2 .

 2 Figure 2. A differential DNA methylome defines CD133-and CD133+ liver cancer cells.

Figure 5 .

 5 Figure 5. Transdifferentiation to CD133+ cells correlates with a methylome reconfiguration.

Figure 6 .

 6 Figure 6. The TGF- -induced methylome matches the basal CD133+ methylome and is reflected in

Figure 7 .

 7 Figure 7. Model of epigenetic switch from non-stem cancer cell to CSC induced by TGF- in liver

  

  

  

  

  

Table 2 . Constituent of the differents signalling cascade induced by TGF-β superfamily ligand

 2 Alternative names are listed in brackets[START_REF] Akhurst | Targeting the TGF signalling pathway in disease[END_REF] 

	Molecular category	TGF-β pathway *	Activin/Nodal pathway*	BMP pathway*
	Ligands	TGFβ1, TGFβ2, TGFβ3	Activin A, activin B, inhibin A, inhibin B, Nodal	BMP2, BMP4, BMP6, BMP7, BMP8A, BMP8B, BMP9, BMP10
				ALK1 (ACVRL1, SKR3),
	Type I receptors	TβRI (ALK5), ALK1 (ACVRL or SKR3)	ALK4 (ACVR1B or ACTRIIB), ALK7 (ACVR1C or ACTRIIC)	ALK2 (ACVR1, ACTRI), ALK3 (BMPR1A), ALK6,
				BMPR1B)
	Type II receptors	TβRII	ACTRIIA, ABTRIIB	BMPR2, ACTRIIA, ACTRIIB
	R-SMADs	SMAD2, SMAD3	SMAD2, SMAD3	SMAD1, SMAD5, SMAD8
	Co-SMAD	SMAD4	SMAD4	SMAD4
	I-SMAD	SMAD7	SMAD7	SMAD6, SMAD7

Table 3 . Expression of the TGF-β pathway components in HCC (

 3 

	adapted from Breuhahn et al.,

Table 5

 5 

	): a specific sub-population within a

Table 4 . Cancer stem cells markers in different tumors.( adapted from Yi et al., 2013)

 4 

Table 5 . Functional assays to assess cancer stem cells properties.

 5 Self-renewal, differentiation capacity and tumor initiation are considered like the 3 fundamental properties of CSCs. Chemoresistance is a supplementary characteristic that has nevertheless been described for many CSCs ( adaptedMarquardt et al., 2010) 

	Property	Definition	Assay
	Self-renewal	The ability to undergo	Re-plating assays. Serial
		symmetric division and thereby	transplantations
		indefinitely replenish itself	
	Differentiation capacity	The ability to undergo	Differentiation assays in vitro.
		asymmetric division and	Transplantation
		thereby recapitulate all tumor	
		cell types	
	Tumor initiation/metastasis	The ability to propagate tumor	Sphere formation. Invasion
		when transplanted into the	assays. Transplantation
		proper environment	
	Relapse	The property of resistance to	Chemo/radio-resistance assays
		different therapies and the	
		ability to relapse	

Table 7 . List of antibodies used for fluorescent activated cell sorting (FACS).

 7 

		Fluorochrome	Isotype and origin	Company	Working
					dilution
	Primary antibodies				
	Anti-human CD44	PE	G44-26 Mouse IgG2b	BD Pharmingen	1:10
	Anti-human CD133	none	AC133 mouse IgG1	Miltenyi Biotec	1:10
	Anti-human EpCAM	PerCP	clone 1B7 mouse IgG1	Ebiosciences	1:50
	Anti-human CD90	FITC	5E10 mouse IgG1	Stem cell technologies	1:10
	Anti-human TGFBRII	PE	Goat	RD system	1/10
	Secondary antibodies				
	Anti-mouse-FITC	-	-	Sigma	1:100
	Anti-mouse Cy3	-	-	Sigma	1:200
	Anti-mouse-Alexa 750	-	-	Invitrogen	1:100

Table 10 . Characteristics of the 3 liver cancer cell lines used for the study.
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	Cell lines	Origin	HBV infection	Tumorigenicity (number of cell injected -time for tumor mass emergence)	Metastatic potential	P53 status
	Huh7	HCC	-	Yes (10 6 cells -1 month)	No	Missense mutation (Y220C)
	HepG2	Hepatoblastoma	-	Yes (10 7 cells -3 months)	No	Wild-type
	PLC/PRF/5	HCC	+	Yes (10 6 cells -1 month)	No	Missense mutation (R249S)

  evolution, mutation and carcinogenesis.Carcinogenesis 18,[869][870][871][872][873][874][875][876][877][878][879][880][881][882] 

	201
	201

table 4 : Gene ontology analysis of the TGF-β DNA methylation signature.

 4 Pathways and Transcription factors genesets analyses were performed as described for Supplementary table2.The tables presented here show the results obtained using the BrB geneset class comparison tool (top 50 for KEEG and top 100 for Biocarta).List of common genes between TGF-β methylome and TGF-β transcriptome. Ratio between control and TGF-β treated samples for methylation and expression arrays are displayed. Gene regions (UCSC refgene group) and enhancer annotations are also indicated.

	Kegg Pathway	Pathway description	LS permutation p-value	KS permutation p-value	Efron-Tibshirani's GSA testp-value
	hsa00190	Oxidative phosphorylation	0.00001	0.58048	0.51 (-)
	hsa00240	Pyrimidine metabolism	0.00001	0.07109	0.375 (+)
	hsa00510	N-Glycan biosynthesis	0.00001	0.07686	0.43 (+)
	hsa00562	Inositol phosphate metabolism	0.00001	0.32165	0.475 (-)
	hsa00970	Aminoacyl-tRNA biosynthesis	0.00001	0.22696	0.45 (+)
	hsa03010	Ribosome	0.00001	0.306	0.505 (+)
	hsa03020	RNA polymerase	0.00001	0.03534	0.465 (+)
	hsa03050	Proteasome	0.00001	0.17625	0.385 (+)
	hsa04070	Phosphatidylinositol signaling system	0.00001	0.3742	0.49 (-)
	hsa04110	Cell cycle	0.00001	0.24012	0.415 (+)
	hsa04120	Ubiquitin mediated proteolysis	0.00001	0.07977	0.435 (+)
	hsa04150	mTOR signaling pathway	0.00001	0.25134	0.37 (-)
	hsa04210	Apoptosis	0.00001	0.51838	0.435 (+)
	hsa04620	Toll-like receptor signaling pathway	0.00001	0.41763	0.405 (-)
	hsa04910	Insulin signaling pathway	0.00001	0.16509	0.31 (-)
	hsa04912	GnRH signaling pathway	0.00001	0.46157	< 0.005 (-)
	hsa05040	Huntington@	0.00001	0.11076	0.4 (+)
	hsa00632	Benzoate degradation via CoA ligation	0.00001	0.2315	0.405 (+)
	hsa03030	DNA polymerase	0.00002	0.41433	0.475 (-)
	hsa04664	Fc epsilon RI signaling pathway	0.00004	0.35842	0.345 (-)
	hsa04520	Adherens junction	0.00004	0.45498	0.22 (+)
	hsa03022	Basal transcription factors	0.00004	0.51979	0.465 (+)
	hsa00310	Lysine degradation	0.00005	0.6996	0.275 (-)
	hsa01030	Glycan structures -biosynthesis 1	0.00007	0.75985	0.06 (-)
	hsa04660	T cell receptor signaling pathway	0.00012	0.3487	0.015 (+)
	hsa05050	Dentatorubropallidoluysian atrophy (DRPLA)	0.00016	0.15375	0.185 (+)
	hsa00624	1-and 2-Methylnaphthalene degradation	0.00016	0.17452	0.485 (-)
	hsa00642	Ethylbenzene degradation	0.00019	0.1618	0.415 (-)
	hsa04140	Regulation of autophagy	0.00025	0.0952	0.435 (+)
	hsa00271	Methionine metabolism	0.0004	0.0677	0.32 (+)
	hsa05120	Epithelial cell signaling in Helicobacter pylori infection	0.00041	0.28364	0.05 (-)
	hsa00280	Valine, leucine and isoleucine degradation	0.00043	0.10758	0.49 (+)
	hsa04810	Regulation of actin cytoskeleton	0.00081	0.13578	0.455 (-)
	hsa00564	Glycerophospholipid metabolism	0.00082	0.03043	0.47 (-)
	hsa00290	Valine, leucine and isoleucine biosynthesis	0.00092	0.14385	0.43 (-)
	hsa00450	Selenoamino acid metabolism	0.00117	0.06669	0.46 (+)
	hsa04630	Jak-STAT signaling pathway	0.00131	0.46693	0.095 (-)
	hsa00220	Urea cycle and metabolism of amino groups	0.00134	0.62552	0.265 (+)

table 7 . List of genes overlapping the two methylome signatures (CD133+ and TGF-β).

 7 of common genes between CD133+ methylation and TGF-β signatures. Pathway enrichment analysis was performed using WebGesalt web application as described for Supplementary table 2.

	List APBA1; ARHGAP31; ATP1A4; BCL11A; BRSK2; CARD11; CARD14; CBFA2T3; CCDC40; CLDN10; CNNM4; CRTAC1;
	CSGALNACT1; CSGALNACT2; CSRNP3; CTBP2; DAB1; DNAH10; DNAH17; DOK7; EBF2; EBF3; ELMO1; FBN2; FEZ1;
	FLT1; FMN1; GALNT9; GFRA2; GIPC1; GLI2; GLIS1; GNG4; GPR133; GPR68; GRK1; HR; IFT140; IGDCC4; IGFBP3;
	JAKMIP3; KAL1; KAZN; KCNK1; KLF12; LAMC2; LINC00162; LINC00461; LOC154449; LTBP4; MAP7; MAST1;
	MDGA1; MOB2; MPPED2; MS4A3; MYO1F; MYO7A; NBL1; NBPF3; NFIC; NGF; NKX2-3; NMNAT2; NMU; NOS1;
	NOTCH4; NRD1; OPCML; OSBPL5; OXGR1; PCDH8; PDE4A; PDE4B; PHLDB1; PLEC; PLEKHA7; POU2F3; PRDM16;
	PRKAG2; PRSS33; PTPRN2; RADIL; RASA3; RBFOX1; RGMA; RPS6KA2; RPTOR; SLC6A7; SLCO5A1; SLITRK4;
	SMOC2; SOGA2; SPARC; SPEG; SPG20; SRRM3; ST18; ST8SIA2; STK32C; SYNE1; TBX21; TCF7L1; TMEM26;
	TNFAIP8L3; TSPAN18; VANGL2; VAV2; VAX2; VIPR2; ZFYVE28; ZIC4; ZNF862;	
	Wikipathways	Number of genes	Adjusted P value
	Myometrial Relaxation and Contraction Pathways	4	0.0153
	G Protein Signaling Pathways	3	0.0170
	Neural Crest Differentiation	3	0.0179
	TOR signaling	2	0.0179
	Notch Signaling Pathway	2	0.0214
	AMPK signaling	2	0.0371
	KEEG	Number of genes	Adjusted P Value
	Glycosaminoglycan biosynthesis -chondroitin sulfate	2	0.0144
	Chemokine signaling pathway	4	0.0144
	Wnt signaling pathway	3	0.0276
	Basal cell carcinoma	2	0.0276
	mTOR signaling pathway	2	0.0276
	Notch signaling pathway	2	0.0276
	Pathways in cancer	4	0.0278
	B cell receptor signaling pathway	2	0.0334
	Focal adhesion	3	0.0334
	Salivary secretion	2	0.0414

Table 1 . Detected changes in selected cytokines in hepatocellular carcinoma and liver inlammation

 1 

	Cytokine	Upregulated or downregulated	Sample/material studied	References
	TNFα	Up and down	Cirrhotic tissue, HCC patient serum, solid tumors	

Table 2 . Epigenetic deregulation in hepatocellular carcinoma Upregulation or downregulation Sample/material studied Reference(s)

 2 

overlapping genes are listed below, with red indicating increased expression/methylation, and green indicating reduced expression/methylation after TGF-β.

PDGFD(cg05246098;S2;e;-0.19) -PDZD4(cg09329826;1;e;T;-0.132) -PDZRN4(cg15235614;1;e;-0.058) -PHLDB1(cg04142864;1;c;-0.086) -PIK3R5(cg13453139;4;c;-0.094) -PIP5KL1(cg14062643;S2;e;-0.083) -PKHD1(cg10775844;4;e;-0.076) -PKLR(cg25651783;1;e;-0.097) -PLAC1L(cg08648317;4;d;-0.091) -

THRAP3(cg16056044;4;c;T;0.109) 
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DISCUSSION

CONCLUSIONS

Supplementary Table 1: List of the 395 annotated CpG loci differentially methylated between CD133+ and CD133-cells.

The list of significant CpG loci between CD133+ and C133-cells was obtained using the BrB class comparison tool, blocked by cell lines and filtered for p-value <0.001 and averaged delta beta (between the two cell lines) >5%. Among the 608 significant loci, here are presented the ones that are associated to annotated genes (395). For each locus, information are given as presented below: NAME OF THE GENE (probe's ID; relation to CpG island; gene region; true enhancer; averaged deltabeta between CD133+ and CD133-cells). The list of significant CpG loci between TGF-β-exposed control cells was obtained using the BrB class comparison tool, blocked by cell lines, filtered for p-value <0.001, FDR<0.05 and averaged delta beta at day 8 (between the two cell lines) >5%. Among the 580 significant loci, here are presented the ones that are associated to annotated genes (464). For each locus, information are given as presented below: NAME OF THE GENE (probe's ID; relation to CpG island; gene region; true enhancer; averaged deltabeta between CD133+ and CD133-cells). Legend: List of significant differentially expressed after TGF-β exposure was obtained using the BrB class comparison tool, blocked by cell lines, filtered for p-value <0.001, FDR<0.05. Pathway enrichment analysis was performed as described for Supplementary table 2.

The tables presented here show the list of genes with a fold change >0.5 and the gene ontology analysis using the BrB geneset class comparison tool (molecular function).

Supplementary table 6: List of genes overlapping the methylome and transcriptome signatures after TGF-β exposure.

ANNEXE II: Review

" From Hepatitis to Hepatocellular carincoma: a proposed model for cross-talk between inflammation and epigenetic mechanisms".

DNA methylation

Genome-wide Down Tumors [START_REF] Lin | Genomewide hypomethylation in hepatocellular carcinogenesis[END_REF][START_REF] Wong | Hypomethylation of chromosome 1 heterochromatin DNA correlates with q-arm copy gain in human hepatocellular carcinoma[END_REF] Repetitive elements (LINE-1, SAT-2, ALU) Down Tumors [START_REF] Lee | Prognostic implications of and relationship between CpG island hypermethylation and repetitive DNA hypomethylation in hepatocellular carcinoma[END_REF] p16INK4A (TSG) Up Cirrhotic tissue, blood, serum, tumors [START_REF] Huang | Current progress in epigenetic research for hepatocarcinomagenesis[END_REF][START_REF] Hamilton | Epigenetic mechanisms involved in the pathogenesis of hepatobiliary malignancies[END_REF][START_REF] Katoh | Epigenetic instability and chromosomal instability in hepatocellular carcinoma[END_REF] RASSF1A (TSG) Up Cell lines, cirrhotic tissue, serum, tumors [START_REF] Huang | Current progress in epigenetic research for hepatocarcinomagenesis[END_REF][START_REF] Hamilton | Epigenetic mechanisms involved in the pathogenesis of hepatobiliary malignancies[END_REF][START_REF] Katoh | Epigenetic instability and chromosomal instability in hepatocellular carcinoma[END_REF] SOCS1 (TSG) Up Cell lines, tumors [START_REF] Calvisi | Ubiquitous activation of Ras and Jak/Stat pathways in human HCC[END_REF][START_REF] Huang | Current progress in epigenetic research for hepatocarcinomagenesis[END_REF][START_REF] Hamilton | Epigenetic mechanisms involved in the pathogenesis of hepatobiliary malignancies[END_REF]102] E-Cadherin (TSG) Up Cirrhotic tissue, tumors [START_REF] Hamilton | Epigenetic mechanisms involved in the pathogenesis of hepatobiliary malignancies[END_REF][START_REF] Katoh | Epigenetic instability and chromosomal instability in hepatocellular carcinoma[END_REF] GSTP1 (TSG) Up Serum, tumors [START_REF] Huang | Current progress in epigenetic research for hepatocarcinomagenesis[END_REF][START_REF] Hamilton | Epigenetic mechanisms involved in the pathogenesis of hepatobiliary malignancies[END_REF][START_REF] Katoh | Epigenetic instability and chromosomal instability in hepatocellular carcinoma[END_REF] Histone mark H3K9 dimethylation Up Cell lines [START_REF] Yao | H3K27 trimethylation is an early epigenetic event of p16INK4a silencing for regaining tumorigenesis in fusion reprogrammed hepatoma cells[END_REF] H3K9 trimethylation Up Rodent models [START_REF] Pogribny | Histone H3 lysine 9 and H4 lysine 20 trimethylation and the expression of Suv4-20h2 and Suv-39h1 histone methyltransferases in hepatocarcinogenesis induced by methyl deiciency in rats[END_REF] H3K27 trimethylation Up Cell lines [START_REF] Yao | H3K27 trimethylation is an early epigenetic event of p16INK4a silencing for regaining tumorigenesis in fusion reprogrammed hepatoma cells[END_REF] H4K20 trimethylation Down Rodent models [START_REF] Pogribny | Histone H3 lysine 9 and H4 lysine 20 trimethylation and the expression of Suv4-20h2 and Suv-39h1 histone methyltransferases in hepatocarcinogenesis induced by methyl deiciency in rats[END_REF] H3 global acetylation Down and up Cell lines [START_REF] Park | Aberrant epigenetic modiications in hepatocarcinogenesis induced by hepatitis B virus X protein[END_REF] H4 global acetylation Down and up Cell lines [START_REF] Park | Aberrant epigenetic modiications in hepatocarcinogenesis induced by hepatitis B virus X protein[END_REF] microRNA miR-1 Down Cell lines, tumors [START_REF] Jiang | Association of MicroRNA expression in hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival[END_REF][START_REF] Wong | MicroRNA-223 is commonly repressed in hepatocellular carcinoma and potentiates expression of Stathmin1[END_REF] miR-18 Up Tumors [START_REF] Ladeiro | MicroRNA proiling in hepatocellular tumors is associated with clinical features and oncogene/tumor suppressor gene mutations[END_REF][START_REF] Huang | Microarray analysis of microRNA expression in hepatocellular carcinoma and non-tumorous tissues without viral hepatitis[END_REF]138] miR-21 Up Cell lines, tumors [START_REF] Ladeiro | MicroRNA proiling in hepatocellular tumors is associated with clinical features and oncogene/tumor suppressor gene mutations[END_REF][START_REF] Jiang | Association of MicroRNA expression in hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival[END_REF][START_REF] Gramantieri | MicroRNA involvement in hepatocellular carcinoma[END_REF]138] miR-122 Down Tumors [START_REF] Jiang | Association of MicroRNA expression in hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival[END_REF][START_REF] Wong | MicroRNA-223 is commonly repressed in hepatocellular carcinoma and potentiates expression of Stathmin1[END_REF][START_REF] Gramantieri | MicroRNA-221 targets Bmf in hepatocellular carcinoma and correlates with tumor multifocality[END_REF]138] miR-199 Down Tumors [START_REF] Jiang | Association of MicroRNA expression in hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival[END_REF][START_REF] Gramantieri | MicroRNA involvement in hepatocellular carcinoma[END_REF][START_REF] Huang | Microarray analysis of microRNA expression in hepatocellular carcinoma and non-tumorous tissues without viral hepatitis[END_REF][START_REF] Ji | New kids on the block: diagnostic and prognostic microRNAs in hepatocellular carcinoma[END_REF]138] miR-221 Up Cell lines, tumors [START_REF] Jiang | Association of MicroRNA expression in hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival[END_REF][START_REF] Gramantieri | MicroRNA involvement in hepatocellular carcinoma[END_REF][START_REF] Wong | MicroRNA-223 is commonly repressed in hepatocellular carcinoma and potentiates expression of Stathmin1[END_REF][START_REF] Le Sage | Regulation of the p27(Kip1) tumor suppressor by miR-221 and miR-222 promotes cancer cell proliferation[END_REF][START_REF] Gramantieri | MicroRNA-221 targets Bmf in hepatocellular carcinoma and correlates with tumor multifocality[END_REF]138] miR-222 Up Cell lines, tumors [START_REF] Wong | MicroRNA-223 is commonly repressed in hepatocellular carcinoma and potentiates expression of Stathmin1[END_REF][START_REF] Le Sage | Regulation of the p27(Kip1) tumor suppressor by miR-221 and miR-222 promotes cancer cell proliferation[END_REF] miR-224 Up Tumors [START_REF] Huang | Microarray analysis of microRNA expression in hepatocellular carcinoma and non-tumorous tissues without viral hepatitis[END_REF][START_REF] Wang | Proiling microRNA expression in hepatocellular carcinoma reveals microRNA-224 up-regulation and apoptosis inhibitor-5 as a microRNA-224-speciic target[END_REF]138] TSG, tumor suppressor gene. 
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Abstract

Distinct subpopulations of neoplastic cells within tumors, including hepatocellular carcinoma (HCC), display pronounced ability to initiate new tumors and induce metastasis. Recent evidence suggests that signals from transforming growth factor beta (TGF- may increase the survival of these so called cancer stem cells (CSC) leading to poor HCC prognosis. However, how TGF- establishes and modifies the key features of these cell subpopulations is not fully understood. In the present report we describe the unique DNA methylome of CD133-expressing putative liver CSCs. Next, we show that TGF- is able to induce CSCs in liver cancer cell lines in a way that is stable and persistent across cell division. This epigenetic process is associated with genome-wide changes in DNA methylation, affecting the DNA methylation machinery itself. The nature of these changes is non-random and is partially reflected at the transcriptional level. Our study reveals a self-perpetuating crosstalk between TGF- signaling and the DNA methylation machinery, which can be relevant in the establishment of cellular phenotypes. This is the first indication of the ability of TGF- to induce genome-wide changes in DNA methylation, resulting in a stable switch to a liver CSC epigenetic program.

CD133+ methylation profile, as obtained by FACS sorting from non-treated cell cultures. To answer this question, we studied the overlap between the two signatures (i.e. CD133+ and TGF-) defined above, common to Huh7 and HepG2 cells. At p values <0.001, the CD133+ signature corresponds to 472 annotated genes, while the TGF- signature represents 1774 genes. We observed a significant overlap of 117 genes when intersecting both signatures (Figure 6d and Table S2). This overlap is highly significant (p<1.5e-29) and represents 3 times more common sites than expected by chance.

Pathways enriched in these 117 overlapping genes included mTOR signaling, Notch signaling, Wnt signaling and Focal Adhesion using two independent algorithms (Table S7). This result suggests that basal CD133+ cells and TGF--induced CD133+ cells share a common methylome, potentially involved in sustaining their functional characteristics. It also shows that a subset of TGF- methylsensitive CpG sites is not co-methylated in CD133+ cells.

Based on the assumption that CD133+ cells induced by TGF- are epigenetically similar to CD133+ cells in basal conditions, we next asked for the location and magnitude of the TGF- effect on the methylome that is independent on those changes that define the CD133+ subpopulation. To answer this question we used all our bead array data, and modeled the main components of methylome variation in a linear regression (as described in Materials and Methods). Assuming that two known factors are able to modify the methylome based on our own results (the cell line of origin and the CD133-status), we included these two variables in the model. In addition, we included the potential effect of TGF-, independent of the other two factors. A panel of differentially methylated sites resulted from this analysis, and they represent CD133-independent changes induced by TGF- (Table S5). Therefore, this analysis suggests that TGF- has an additional effect on the methylome, independent on the induction of CD133+ cells.

In summary, TGF- -induced methylome resembles the basal CD133+ methylome and is partially reflected at the transcriptional level. A subset of TGF- methyl-sensitive loci positively correlates with gene expression.

Discussion

In the present report, we comprehensively describe the DNA methylome of putative liver cancer stem cells. We used two non-related HCC cell lines to isolate pure populations of CD133-and CD133+ cells for DNA methylome assays. As has been previously reported, CD133+ cells isolated from liver cancer cell lines (including those used in the present study), are functionally distinct cells with increased ability to induce tumors in animal models (14). These findings are in line with clinical studies reporting poor prognosis for those HCC cases displaying higher proportions of CD133expressing cells. Therefore, the signature identified here, may represent an established cellular program that defines the main characteristics of these cells.

Recently, the prognostic implications of TGF-β pathway activation in HCC have been linked to the ability of this signaling pathway to induce metastatic behavior in a fraction of HCC cells (25). An additional link between CSCs and TGF-β in HCC has been the recent demonstration that TGF-β is able to increase the proportion of CD133+ cells in vitro (17). Here, we were able to reproduce and extend those previous observations. We showed that TGF-β is able to increase CD133 expression at the protein and mRNA level in two non-related HCC cell lines. The effect induced by TGF-β is stable, as opposed to the transient effect of the proinflammatory cytokine IL6. We show that this effect depends on specific signaling through TGF-β type I receptor and is independent of increased cell proliferation of CD133+ cells. By using CD133-depleted cellular fractions, we show that TGF-β is able to induce de novo expression of CD133. Furthermore, this induction of CD133 cells correlates with an increased ability to grow in non-attachment conditions, a surrogate functional assay for stem/CSC properties.

Both, basal CD133-expressing cells and TGF-β-induced CD133+ cells, expressed increased levels of the de novo DNA methylation transcripts, DNMT3A and DNMT3B. This led us to further explore the

Materials and Methods

Cell culture and treatments

Huh7 and HepG2 cells (American Type Culture Conditions) were cultured in DMEM medium (Gibco) at 37°C and 5% CO2, and were regularly tested for mycoplasma contamination (MycoAlert detection kit, Lonza).

For cytokine treatments, cells were plated and allowed to adhere before adding medium containing 10ng/ml final of IL-6 or TGF-1 (recombinant human, Peprotech). For inhibition experiments, cells ere treated ith μM "B-431542 (Sigma-Aldrich) alone or in combination with TGF-β .

For spheres formation assay, hepatosphere medium was prepared as previously reported (34).

Spheres were counted after 5 or 6 days.

Fluorescence Activated Cell Sorting (FACS)

Cells were labeled with antibodies against CD44, CD133 (AC133), EpCAM, CD90 or TGFBRII (Table S8).

Secondary antibodies were conjugated alternatively with FITC, Cy3 or Alexa750.

To study cell cycle progression, bromodeuxyridine (BrdU) (Sigma) incorporation and DNA content were simultaneously assessed, as previously described (35). Fluorescent events were captured using FACS instrument (FACSCanto II, BD Biosciences), and analyzed using BD FACSdiva 6.0 (BD Biosciences software) and WinMDI software (version 2.9).

Magnetic Activated cell sorting (MACS)

Huh7 and HepG2 cells were depleted or enriched for CD133+ cells using magnetic-activated cell sorting (MACS, Milte i Biote , ith so e adaptatio s to the a ufa turer's i stru tio s. Cells incubated 30 min at 4°C with FcR blocking reagent, followed by 15 min incubation with MicroBeads conjugated to monoclonal anti human CD133 antibodies. After washing, cell suspension was applied onto a pre-rinsed LS column placed in the magnetic field of a MACS separator. For CD133+ depletion, flow-through the LS column containing unlabelled cells was collected. For CD133+ enrichment, the Four different housekeeping genes (HPRT1, GAPDH, SFRS4 and TBP1) were alternatively used for internal control. The different primers used are listed in Table S10.

Immunoblotting

Protein extraction and immunoblotting was performed as previously described (37). Immunostaining was performed with anti-SMAD3, anti-phosphorylated SMAD3 and anti-tubulin/actin for loading control.

Bioinformatics Analysis

Raw methylation and expression bead array data was exported from Genome Studio (version 2010.3, Illumina) into BRB-ArrayTools software (version 4.3.1, developed by Dr. Richard Simon and the BRB-ArrayTools Development Team). Data was normalized and annotated using the R/Bioconductor package lumi (38). Class comparison between groups of bead arrays was done computing a t-test separately for each gene using the normalized log-transformed beta values. Only those probes with p values <0.001 and FDR<0.05 were considered significant for most analyses, except CD133-vs. 
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