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Abstract
The liver is one of the major metabolic organs in the body, susceptible to injury caused by various factors. In response to injury, sophisticated mechanisms are engaged to repair and regenerate the damaged liver, preventing its failure. When the damage gets chronic, regeneration goes awry, impairing the liver function and causing cirrhosis. Hence, cirrhosis may rather be a protective response to injury, where wound-healing processes are set to primary repair the damaged liver. Although cirrhosis is clinically considered a HCC risk factor, comprehensive population-based studies demonstrate a very modest incidence, refuting the idea that cirrhosis progresses to HCC. Here, we discuss and shed light on a provocative question of whether cirrhosis predisposes to HCC.

Is Cirrhosis a Risk Factor for Hepatocellular Carcinoma?
Liver cancer is the sixth most common cancer and the fourth cause of cancer-related death worldwide (GLOBOCAN 2018). Among the different types, hepatocellular carcinoma (HCC) (see Glossary) is the most frequent primary tumor. Risk factors include hepatitis C and B virus (HCV and HBV, respectively) infections, non-alcoholic fatty liver disease (NAFLD), alcohol consumption, and toxic poisoning. Mutations arising during tumorigenesis are frequent, including those in TERT, PTEN, P53, CTNNB1, and APC, genes [1-3]. Clinical treatments are very limited, being liver transplant, tumor resection and tumor ablation the only actual options of cure. Unfortunately, the liver is largely dysfunctional at the moment of diagnosis.
Early stages of HCC are characterized by dysplastic lesions [4], frequently arising in chronic inflammatory liver disease or hepatitis, which can also promote fibrosis and subsequently, cirrhosis. Liver fibrosis remains therefore a major health problem with a high mortality rate predisposing to HCC. Around 90% of HCC cases develop in a background of cirrhosis, but less than 5% of patients with cirrhosis progress into HCC per year [5-7]. Moreover, the prevalent cause of death in cirrhotic patients is due to a concomitant disease, hepatic encephalopathy, a neuropathology caused by toxic levels of ammonia in the brain that lead to altered locomotor activity, disorientation and eventually coma [8]. Thus, so far, the current model supports the idea that cirrhosis progresses to HCC and therefore, despite cirrhosis is a severe liver dysfunction leading to patient death, it is clinically considered to be an etiological factor for HCC (Box 1). This assumption clearly presents paradoxical conundrums. A recent comprehensive population-based study of the risk of HCC in cirrhosis patients demonstrate a very modest incidence, and less than 5% of cirrhotic patients undergo into HCC, refuting the idea that cirrhosis is a risk factor for HCC [7]. Moreover, data from our lab and others, argue that HCC only originates from malignant hepatocytes and not from hepatic progenitor cells (HPCs), which expansion gives rise to regenerative nodules (RNs) present in cirrhotic livers [9, 10]. RNs composing cirrhosis and HCC represent thus two independent processes controlled by different molecular mechanisms rather than a sequential series of events. These data argue that cirrhosis may rather be a liver protective response to various injuries than a risk factor for HCC, raising a provocative question of whether cirrhosis is a premalignant condition predisposing to HCC.
 
Liver Organization and Maintenance of Basal Functions
The liver is composed by hexagonal-like structures called lobules, which are delimited by portal trials in the outer part and a central vein in the middle of the lobule (Figure 1). Hepatocytes represent the most abundant cell type in the liver, both in number (~60%) and volume (~80%) [11]. The metabolic functions of hepatocytes change across the lobule and hepatocytes are organized in three zones, with different functions: zone I (periportal), zone II (transition) and zone III (pericentral). Cells from zone I and zone III present a specific transcriptional expression program that defines their functions [12-14]. The master regulator of this zonation is the Wnt/-catenin pathway, which controls pericentral zone III-expression signature [15-17]. A role for Ha-RAS pathway has also being described, in a minor extend, regarding the periportal zone I [12, 18]. However, the actual organization seems to be much more complex than that, as different studies have described a variety of new hepatocyte sub-populations, very diverse in functions, protein expression patterns and abilities [19-21]. Among these features, regenerative capacity has been consistently addressed in an attempt to elucidate how liver homeostasis is maintained and predict and enhance liver response to injury. Hepatocytes of zone III have been proposed to be the facultative stem cell pool implicated in liver regeneration [21], although this concept has been recently challenged  [22-24]. Yet, there are many open questions and lack of consensus about the different types of hepatocytes that may exist. The identification of specific markers to determine the various population of hepatocytes with different functions is needed.
The other resident epithelial cell type composing the liver are cholangiocytes, biliary cells located around the canal of hearing or intrahepatic bile ductules. Their main function is to form the bile ducts and contribute to the composition of bile by secreting bicarbonate and water. However, cholangiocytes seem to be a very heterogeneous population, and it is more and more accepted that they also form a population of cells with progenitor and stem cell-like properties, named liver progenitor cells (LPCs) in human and oval cells or HPCs in mouse [25]. In homeostatic condition, HPCs have insignificant proliferative capacity. Following damage, their proliferate and self-renew to regenerate the injured liver, but the nature of these progenitor cells remains controversial and different sub-populations may exist contributing to tissue regeneration after damage [9, 26-32]. Expression of different markers across cells from the biliary tree support the HPC heterogeneity. For example, cytokeratin 19 (CK19) and SRY (sex determining region Y)-box9 (Sox9) are two well-accepted markers of progenitor cells, but also expressed by cholangiocytes and hepatoblasts (immature hepatocytes), respectively. However, all cholangiocytes do not share the same markers than HPCs and all HPCs do not have similar markers.
Expansion and differentiation of HPCs into either hepatocytes or cholangiocytes depend on extracellular signals [9, 27, 33]. Notch signaling is required in embryonic liver for bile duct development, and it is essential for differentiation of HPCs into cholangiocytes in adult liver [27, 33]. Activation of Notch is also sufficient to reprogram and transdifferentiate adult hepatocytes into biliary epithelial cells, whereas lack of Notch signaling suppressed the production of hepatocyte-derived cholangiocyte-like cells after injury [34]. Additionally, cholangiocarcinoma in mice can originate from hepatocytes via activation of Notch and AKT signaling [35].
The rest of the resident cells in the liver are part of the non-parenchymal population. Hepatic stellate cells (HSCs) are known to be quiescent perisinusoidal cells, which are implicated in the storage of vitamin A or retinoids in lipid droplets. However, in the context of injury, HSCs can be activated by different cues (e.g. inflammation through TGF-), prompting proliferation and transdifferentiation into myofibroblasts characterized by α-smooth muscle actin (-SMA) expression [36-39]. Myofibroblasts are the main contributors in the chronic tissue wound healing response, synthesizing the extracellular matrix (ECM) and depositing types I and III collagen, secreting cytokines and chemokines, recruiting immune cells and exerting physical forces to modify tissue architecture leading to fibrosis [40]. There is also evidence that HSCs constitute cell reservoirs that can be stimulated to produce cholangiocytes [25, 41].
Kupffer cells are the resident macrophages of the liver, and their main function is to maintain the liver protected from external aggressors, such as pathogens or toxic compounds [42]. When activated, they secrete cytokines that will trigger the immune response as well as HSC activation and fibrosis [43-45]. In basal conditions, the liver is considered an immunologically tolerogenic organ, which maintains a constant but regulated inflammation status due to the persistent exposure to any bacterial fragments coming from the gut, as well as cytotoxic compounds. However, it is able to react efficiently enough in case of infection or major toxicity. Pathogen- and damage-associated molecular patterns (PAMPs and DAMPs) trigger Toll-like receptor (TLR)-mediated Kupffer cell activation, which produce cytokines (interleukin (IL)-1, IL-6, IL-12, IL-18, tumor necrosis factor  (TNF-)) and chemokines that contribute to the activation of signaling pathways in surrounding cells [46, 47]. T helper (Th) 17 cells produce IL-17, which has been described to stimulate Kupffer cells to produce inflammatory and fibrogenic cytokines [48-50]. Natural Killer (NK) and NK T (NKT) cells are also abundant in the liver and secrete cytokines involved in programmed cell death (apoptosis) and survival [51]. NK cells secrete IL-8, interferon gamma (IFN-), TNF-related apoptosis ligand (TRAIL). NKT cells secrete IL-4, TNF-, FasL, and IFN-. The nuclear factor kappa B (NF-B) signaling pathway has been shown to be a mediator in the action of IL-1 and TNF-, and its inhibition ameliorates liver injury and fibrosis [52, 53]. Kupffer cells and recruited macrophages also produce transforming growth factor beta (TGF-), which activates HSCs to produce ECM and accelerate fibrosis [36], suggesting a tightly controlled interplay between hepatocytes, myofibroblasts and immune cells.

Mechanisms of Liver Cirrhosis
The liver has an impressive capacity to regenerate after injury or partial resection of the tissue, maintaining tissue homeostasis. Because liver is exposed to many environmental stresses, which may potentially induce cell death and injury, sophisticated mechanisms implicating wound-healing and regenerative processes are engaged for repairing the injured organ, allowing a rapid regeneration and preventing its own failure. Different types of injury trigger this response in specific manners, implicating several cell types and signaling pathways. Overall, hepatocytes are the cell of origin of renewed liver tissue, with minimal contribution of stem/progenitor cells and cholangiocytes [9, 20, 26-32, 54, 55]. Depending on the duration (acute/chronic), severity and type of injury (hepatocytic/cholangiocytic toxicity or cholestatic injury), hepatocytes or cholangiocytes/progenitor cells can head liver regeneration and tissue recovery. When the injury is chronic and the regeneration goes awry, liver disorders develop in response to sustained damaging agents. When hepatocyte proliferation is violently affected by the initial damage, the regenerative response involves two important processes 1) expansion of oval cells or HPCs and, 2) activation of HSCs (Figure 2). 

HPC Expansion and Formation of Regenerative Nodules
Lineage tracing experiments in various mouse models of liver injury demonstrate that HPCs proliferate (ductular reaction) and give rise to newly formed hepatocytes and regenerative nodules (RNs) [9]. RNs are defined as parenchymal structures forming small benign tumors surrounded by fibrotic tissue. Several physiological signals have been demonstrated to activate HPC proliferation, such as Hedgehog ligands and galectin-3 [9, 56, 57]. These factors are secreted by dysfunctional hepatocytes and act as paracrine signals to induce the ductular reaction. However, activation of HPCs can also occur without severe damage in the hepatocytes, as demonstrated in a model of transgenic expression of TNF-like weak inducer of apoptosis (TWEAK) in hepatocytes [58]. Metabolic signals are also essential to maintain HPC fate. α-ketoglutarate paracrine signals emanating from transformed hepatocytes preserves the HPC undifferentiated state, whereas galectin-3 maintains HPC stemness, expansion, and aggressiveness [9].

ECM Production
ECM is produced by myofibroblasts in response to injury in order to maintain stiffness of the liver and compensate hepatocyte loss. In an acute damage scenario, excessive ECM is usually resolved by degradation through different enzymes, such as metalloproteases [59, 60]. When injury becomes chronic, ECM is permanently synthesized, severely affecting liver architecture and function. Cirrhosis is thus a final stage of fibrosis characterized by disrupted liver architecture along with fibrotic bands, parenchymal nodules and vascular distortion, leading to portal hypertension and hepatic failure [61].

How Would Cirrhosis Restrict HCC Development?
Do RNs and Fibrosis Provide Restricted Space for HCC Development?
Recent work suggests that pre-malignant somatic alterations in hepatocytes from cirrhotic patients can promote regeneration, likely independent of carcinogenesis [62]. Moreover, the microscopical distribution of RNs composing cirrhotic livers is surrounded by fibrotic septa that may also contribute to spatial restriction of tumor clones, thus avoiding spearing of cancer cells [62]. These findings clearly support the view that regeneration is rather a protective mechanism against tumorigenesis sets as an early response, likely to give to the liver an opportunity to repair the damage. Decreasing physical and mechanical forces in HPCs may relieve mechanical tensions from RNs and accelerate tumor development in mouse models of HCC, whereas promoting more tensed RNs by increasing physical forces may restrict tumorigenesis. More work is clearly required to demonstrate the role of HPCs/RN in restricting HCC growth (Figure 2).

HPCs and HSCs as Enhancers of Immunosurveillance
Immunosurveillance (also known as immune surveillance) describes the continuous monitoring of the immune system in order to identify and destroy abnormal cells, including tumor cells [63]. For this, the expression of antigens or the secretion of molecules, for example cytokines or growth factors, by tumor cells is necessary for their recognition by the immune system [64]. Although inflammation can increase tumor development [50, 65-67] activation of the immune system in specific conditions shows protective functions against cancer [68-70], and the importance of fibrosis as an activator of the immune system against cancer has been previously shown in pancreatic tumors [71, 72]. Interestingly, immune suppression in patients with human immunodeficiency virus (HIV) infection or acquired immunodeficiency syndrome (AIDS) has been suggested to influence the development of certain types of cancer [73]. Due to the high immune tolerance of the liver, immunosurveillance might be somehow compromised in recognizing tumor cells, similarly to what happens in chronic viral infections [74, 75]. Fibrosis development and cirrhosis-induced inflammation might prime the immune system and ensures a better response against malignant cells present in the liver (Figure 2). Likewise, HPCs may also activate an immunosurveillance response to suppress HCC development. However, this later still needs to be demonstrated.
Depletion of HSCs in mouse models of fibrosis and HCC could give insights in this aspect. Mice with expression of conditional diphtheria toxin receptor (DTR) to mediate specific death of HSCs, or models that induce activated myofibroblast death, can be used to block the production of ECM and investigate, in combination with models of HCC [76-78], whether non-fibrotic mice are protected from tumor development.

Concluding Remarks
The fact that 90% of HCC develop in a background of cirrhosis has led researchers and clinicians to assume that cirrhosis is a predisposing factor to develop HCC. However, if we consider that both diseases arise as a consequence of the same triggering factors, and that less than 5% of cirrhotic patients undergo into HCC [5-7], we can raise the provocative statement that cirrhosis is a response of the liver to control tissue regeneration and clonal expansion rather to predispose to HCC development. Research focused in determining the specific role of fibrosis and the function of the immune response during HCC development is key to address the potential protective role of cirrhosis in tumorigenesis, and thus open an avenue to design better treatments and improve cancer prognosis (see Outstanding Questions). Despite the existence of mouse models of liver fibrosis: chemical-induced fibrosis (carbon tetrachloride (CCl4), thioacetamide (TAA) etc…), bile duct ligation, diet-induced fibrosis (methionine- and choline-deficient diet (MCD), fructose…) or genetically engineered mouse models (Mdr2-/-, TGF-1 or PDGF transgenic mice) [79, 80], to date, no animal model can recapitulate all the hepatic and extra-hepatic features of liver disease and genetically engineered mouse models (GEMMs) for liver cirrhosis remain inexistent. Although great research over the last 15 years has led to remarkable advancements in the understanding of liver fibrosis pathogenesis, effective antifibrotic therapies are still lacking. A better understanding of the mechanisms implicated in the initiation, progression, and resolution of fibrosis, as well as the identification of extrinsic factors that regulate liver fibrosis from distal organs (Box 2) are critically needed. Animal models are essential to study the cellular and molecular mechanisms of fibrogenesis, to identify potential therapeutic targets, and to evaluate the impact of antifibrotic therapies [79]. GEMMs with identical pathophysiology to human cirrhosis can greatly facilitate efforts to elucidate mechanisms of regeneration in chronic injury and cirrhosis, to understand the temporal and spatial kinetics of pathways and cell types involved, as well as the chronological evolution of the regenerative response during disease progression to HCC development, and discovery of safe and effective pharmacological methods to reduce the incidence of two lethal diseases and improve patient treatment and survival.

Text Box 1. Clinician’s Corner. 
· Less than 5% of cirrhotic patients undergo into HCC, surmising the hypothesis whether cirrhosis predisposes to HCC. Animal models which recapitulate features of human cirrhosis are essential to study the role of cirrhosis and its implication in HCC development.

· Due to the lack of biomarkers to identify cirrhosis at early stages, patients are commonly diagnosed when the disease is already advanced and liver dysfunction is severe.  This does not facilitate the studies on the effects of early interventions to suppress cirrhosis and its real repercussions in HCC development.

· Better economical and sanitary resources to improve diagnosis of cirrhosis are required to prevent its development and to study its potential progression to HCC.

· Hepatic encephalopathy is a serious, recurrent and late stage comorbidity of cirrhosis that often leads to patient’s death. Finding new biomarkers of cirrhosis would prevent hepatic encephalopathy and improve patient survival.

· Cirrhotic patients have continuous regeneration of the tissue, provoking fibrosis. Antifibrotic treatments in HCC patients might not be adequate for tumor treatment as this might worsen HCC prognosis via further expansion of malignant hepatocytes.


Text Box 2. Role of the Gut-Liver Axis in the Onset of Cirrhosis
It has been widely reported that the liver-gut axis plays a central role in cirrhosis development, although the mechanisms remain still unclear. The liver and the gut are connected through the enterohepatic circulation, which begins by the entry of various substances, drugs and bile acids into the small intestine and their absorption by enterocytes, and transport back to the liver though the portal vein. Hepatocytes metabolize cholesterol into primary bile acids, which once conjugated to taurine or glycine form the bile salts (commonly called the bile) secreted and stored into the gallbladder. Bile salts are released into the intestine via the common bile duct to digest lipids and fat.  Imbalances in the production and secretion of these compounds may promote dysbiosis and expansion of specific pathogenic microbes, which through their interaction with enterocytes will release metabolites, endotoxins and other signaling molecules that feedback to the liver and contribute to various liver diseases [81, 82]. For example, inulin, a class of dietary fibers, is digested by gut microbiota and through fermentation produces butyrate, a histone deacetylase inhibitor, which signal back to the liver to generate fibrosis and HCC, via unknown mechanisms [83]. Treatment with Rifaximin, an antibiotic used to treat various gastrointestinal tract disorders, prevents fibrosis and HCC in mice [83] and improves prognosis of patients with decompensated cirrhosis and with hepatic encephalopathy [84]. Thus, the microbiome exerts pathogenic functions in disease, regulating essential processes in metabolism. Several evidences have revealed a key role of the microbiome in carcinogenesis by modulating anti-cancer immune responses in mouse models and patients [85, 86]. Tacking the gut microbiome and controlling the immune responses could represent a potential diagnostic tool and novel therapeutic targets in patients with liver diseases and HCC [86].  Despite the recent observations on the role of the gut microbiome in the onset of liver disease, the number of clinical studies remain limited to provide a clear causal link. Moreover, mechanistic insights, identification of the specific microbes and a better understanding the microbial dysbiosis and metabolites and signaling molecules, are key to decipher the driving forces implicated in liver disease. Genetic mouse models of liver disease mimicking the clinical features would help to elucidate the precise role of microbiota in liver dysfunctions and HCC development.


Glossary 
Cirrhosis: liver disease characterized by the formation of generative nodules surrounded by fibrotic tissue, which leads to disrupted architecture, liver dysfunction and portal hypertension.
Extracellular Matrix (ECM): mixture of proteins, mostly from the collagen family, secreted by non-parenchyma cells to form an intercellular network to provide structural, biochemical, signaling and functional support to surrounding cells. 
Fibrosis: accumulation of extracellular matrix to form the connective scar tissue.
Genetically Engineered Mouse Model (GEMM): mouse model engineered on the basis of the modification of the genetic information of a specific locus.
Hepatic Stellate Cell (HSC): retinoid-containing cell that can be stimulated by different cues, such as inflammation, and transdifferentiates into myofibroblast, capable of extracellular matrix production.
Hepatocellular Carcinoma (HCC): the commonest, usually lethal, human primary liver neoplasm, predominantly originated from malignant hepatocytes.
Immunosurveillance: constant monitoring from the immune system to recognize and destroy pathogens and transformed cells.
Liver Progenitor Cell/Hepatic Progenitor Cell (LPC/HPC): facultative stem cell pool of the liver from a ductular origin and with an atypical “oval” morphology, which have the capacity to proliferate in the so called “oval cell expansion” process to differentiate in any of the epithelial cells of the liver (hepatocytes and cholangiocytes).
Regenerative Nodule (RN): benign tumors emerging from the liver, originated from proliferative HPCs in order to compensate cell loss in the tissue. It is formed by regenerated parenchymal tissue surrounded by fibrotic septa.
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Figure legends
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Figure 1. Structure of the Liver Lobule and Cell Types. Within the liver lobule, hepatocytes distribute in three different zones across the central vein-portal trial. In parallel, there are the bile ducts, formed by cholangiocytes. The space between hepatocytes and sinusoids is the space of Disse, where the hepatic stellate cells (HSCs) reside. Kupffer cells are attached to endothelial cells of the sinusoids in their internal side.
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Figure 2. Cirrhosis May Prevent HCC Development. Hepatic progenitor cells (HPCs) giving rise to regenerative nodules and myofibroblasts generating fibrosis originate physical forces and may trigger immuno-surveillance, which together could inhibit tumor formation.
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