Is liver regeneration key in hepatocellular carcinoma development?
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Abstract
The liver is the largest organ of the mammalian body and has the remarkable ability to fully regenerate in order to maintain tissue homeostasis. The adult liver consists of hexagonal lobules, each with a central vein surrounded by six portal triads localized in the lobule border containing distinct parenchymal and non-parenchymal cells. Because the liver is continuously exposed to diverse stress signals, several sophisticated regenerative processes exist to restore its functional status following impairment. However, these stress signals can affect the liver’s capacity to regenerate and may lead to the development of hepatocellular carcinoma (HCC) (see Glossary), one of the most aggressive liver cancers. Here, we review the mechanisms of hepatic regeneration and their potential to influence HCC development. 

Introduction
The liver has an exceptional plasticity, and presents the potential to be fully restored following stress damage. Hepatocytes are the most abundant cells in the liver. They are the main cells that perform the liver’s primary metabolic functions and are also considered to be the first cells involved in liver regeneration during homeostasis or after acute injury [1,2], including partial hepatectomy or chemical damage by carbon tetrachloride (CCl4) [3,4]. Acute liver damage may induce replication of mature hepatocytes to restore the liver and maintains its homeostasis. Hepatocytes from different metabolic zones can have different contributions to liver homeostasis and regeneration, and it has controversially been suggested that regeneration is controlled by a subpopulation of hepatocytes with specific stem cell features [1,2,5]. 
Only in extreme conditions, when the replicative capability of hepatocytes is chronically impaired following severe liver damage, biliary epithelial cells (BECs) (also called cholangiocytes) proliferate and expand in a process called ductular reaction to differentiate into hepatocytes in order to contribute to the restoration of normal liver function [6,7]. Yet, several lineage tracing studies support the idea that, during chronic liver injury, a subpopulation of BECs with progenitor and stem cell-like properties, known as liver progenitor cells (LPCs) in human, and hepatic progenitor cells (HPCs) or oval cells in mouse becomes activated to continuously supply new hepatocytes and repair the liver [8]. These cells are considered to be a subpopulation of BECs since they show similar phenotype and locational contiguity. Clearly, it is still highly debated if restoration of the damaged parenchyma is indeed due to the existence of this specific population of progenitor cells, or if BECs transdifferentiate into hepatocytes via an “intermediate like progenitor state” to maintain the organ’s functional integrity during chronic liver damage [6,7,9–14]. The continuous expansion of BECs can lead to the formation of parenchymal nodules, also known as regenerative nodules  [8,15].
Not only BECs are activated when hepatocyte proliferative capacity is impaired upon a severe and chronic damage. An additional alternative regenerative response implicates the activation of hepatic stellate cells (HSCs). Activated HSCs transdifferentiate into myofibroblasts [16,17] that deposit extracellular matrix components contributing to liver fibrosis. Expansion of BECs and activation of HSCs promote cirrhosis, which predisposes to HCC development [17,18].
[bookmark: _Hlk114752778]HCC is the most common human primary liver neoplasm, the third leading cause of all cancer-related deaths, and the sixth most frequent cancer worldwide (GLOBOCAN 2020), with very limited therapeutic options [19]. The long-life span and remarkable regenerative potential of mature hepatocytes strongly support their susceptibility to malignant transformation. In addition to being implicated in liver regeneration following acute liver injury, hepatocytes have been shown to play a central role in the origin of HCC [8,20,21]. Lineage tracing experiments have clearly demonstrated that HCC predominantly originates from hepatocytes, and that BEC activation leads to benign tumors, including adenomas and regenerative nodules [8]. However, there are evidences arguing that some adenomas can be HCC precursors [8,22], a hypothesis supported by the fact that BECs reportedly contribute to HCC development [23], and by the presence of several progenitor markers in human HCC specimens that correlate with clinicopathologic features of tumor aggressiveness and invasiveness, as well as with poor prognosis [8,24–28]. Therefore, the role of HPCs as potential HCC precursors remains still elusive.
Although many studies combining lineage tracing models and chemical-induced injury mouse models have been conducted to identify the cells that initiate the regenerative process, the cellular sources of liver regeneration following various liver injuries remain controversial and poorly understood, as do the mechanisms by which liver regeneration influences HCC development. Here, we review the current controversies relating to the cellular origin of liver regeneration and HCC development, shedding light on the complex relationship between these processes (see Outstanding Questions). A deeper understanding of the cellular and molecular mechanisms of liver regeneration may facilitate the design of new therapeutic strategies against HCC and the development of alternative techniques to orthotropic liver transplantation for patients with end-stage chronic liver disease.

Hepatocytes in liver regeneration and HCC development
Hepatocytes are highly heterogeneous within the liver; the gene expression profiles of hepatocytes located around the portal triad (periportal hepatocytes) differ from those of hepatocytes positioned around the liver central vein (pericentral hepatocytes). This phenomenon, which is known as “liver metabolic zonation” [13,29], divides the liver into three zones: zone 1, surrounding the portal vein or periportal area; zone 2, known as the mid-zone liver; and zone 3, which is closest to the central vein and where pericentral hepatocytes are localized [29].
Compared to other organs and tissues, hepatocytes, rather than a stem cell population, normally shoulder the burden of regenerative growth following acute liver damage. Hepatocytes, which are quiescent under homeostatic conditions, are the first cells that enter into the cell cycle and proliferate to restore the damaged parenchyma upon acute injury [3,17]. Replication of mature and differentiated hepatocytes supply new hepatocytes in order to compensate for cell loss [18]. 
Interestingly, HCC originates from aberrant proliferation of hepatocytes [3,17]. Cell lineage tracing experiments in several HCC mouse models have implicated hepatocytes as the cells in which HCC originates [8,30]. An elegant study involving labelling and tracing  hepatocytes in three HCC mouse models (including Mdr2 knockout mice, diethylnitrosamine (DEN)/CCl4-treated mice and the genetic hURI-tetOFFHep mouse model in which the expression of the oncogene URI in hepatocytes induces spontaneous HCC with clinical features via a multistep process [8,31–33]), clearly showed that HCC originates predominantly from hepatocytes, whereas HPCs give rise to benign lesions and tumors, including regenerative nodules and adenomas [8,30]. The authors therefore argued that the detection of a progenitor signature in HCC reflects dedifferentiation of hepatocyte-derived tumor cells rather than progenitor origin [8,30]. These studies thus strongly support a hepatocytic origin of HCC, most likely excluding any direct contribution of HPCs in the formation of malignant neoplasms.
Since hepatocytes restore the liver function and integrity during damage, and since they are at the origin of HCC, it is tempting to speculate that liver regeneration could be linked to tumorigenesis. Due to their different metabolic and transcriptomic profiles, and their location, hepatocytes could have divergent contribution in both processes [34]. Moreover, it is not yet clear whether all hepatocytes participate equally in liver regeneration and HCC development or whether a specific hepatocyte population with stem cell-like features controls these processes.
Hepatocyte zonation in liver regeneration and HCC. Although the effects of the perturbation of metabolic zonation on liver regeneration and HCC development remain not very well known, three major lines of evidence suggest that pericentral hepatocytes localized in the zone 3 are key in both liver regeneration and HCC development. WNT/-catenin signaling, concentrated in pericentral hepatocytes, is the most well-studied pathway associated to liver metabolic zonation [35,36]. Its activation is reportedly involved in liver regeneration and HCC development [37]. 
The function of pericentral hepatocytes in liver regeneration has been a long-debated question. High -catenin expression is required for liver regeneration upon injury [38]. Moreover, a specific hepatocyte population, marked by Axin2, a-catenin target gene, located around the central liver vein, was reported to be more proliferative and capable of self-renewal than other hepatocytes, with the capacity to differentiate into newly formed hepatocytes following acute damage. Hence, authors concluded that Axin2+ hepatocytes in zone 3 are responsible for liver maintenance during homeostasis and after liver injury [39]. Conversely,  recent data suggest that Axin2+ pericentral hepatocytes have only limited contributions to liver homeostasis and regeneration [40], refuting their direct stem cell role in restoring the liver parenchyma during damage. These observations are supported by the fact that following acute liver injury, pericentral hepatocytes did not invade the parenchyma and did not exhibit superior proliferative capacity than other hepatocytes, contradicting previous observations [39]. These controversial studies might be explained by the difference in the two mouse strains used to genetically mark and track the Axin2+ hepatocyte. On the one hand, a knock-in mouse model was generated via the integration of CreERT2 under the control of the Axin2 promoter [39], most likely silencing one Axin2 allele and thereby interfering with the results obtained. On the other hand, an engineered transgenic mouse model with a bacterial artificial chromosome integrated has been generated, most likely leading to an overexpression of Axin2+ [40] (Figure 1). 
Several studies conducted on WNT/-catenin pathway speculate on a causative link between pericentral hepatocytes, liver regeneration and HCC development. -catenin mutations, leading to its activation, are one of the most prevalent mutations in pericentral-like HCCs (tumors with liver-enriched pericentral genes), and are associated with well differentiated, non-proliferative and moderately aggressive tumors [20,41–43] (Figure 1).  Moreover, activation of -catenin signaling is associated to upregulation of pericentral genes during HCC development. Furthermore,  β-catenin regulates the expression of glutamine synthetase, localized around the central vein in homeostatic livers, that is elevated in some advanced and metastatic HCCs [44–47]. Glutamine synthetase also increases the proliferative capacity of pericentral hepatocytes by activating mTORC1 leading to tumor formation [48]. Moreover, pericentral hepatocytes are marked by Lgr5, and it has been reported that Lgr5+ hepatocytes can self-renew and give rise to 40% of HCC in mice [49]. These data suggest that the pericentral region plays a dominant role in HCC development. Clearly, proof-of-concept studies and lineage tracing experiments of pericentral hepatocytes following injury and tumorigenesis would help to better understand their respective mechanistic contribution in liver regeneration and HCC development. 
Pericentral Axin2+ hepatocytes are not the only hepatocyte population claimed to be responsible for liver homeostasis and regeneration, zone 2 hepatocytes were also recently shown to be involved in liver regeneration. It has been suggested that they have higher proliferative rates than other hepatocyte populations in experiments using a panel of 14 CreER alleles marking hepatocytes from different zones, suggesting that they are precursors of new hepatocytes following injury [50] (Figure 1). Apparently, hepatocytes from this zone preferentially repopulate the lobule during normal homeostasis and contribute substantially to liver regeneration following injury [50]. The authors stated that although zone 3 hepatocytes are not a major source of new hepatocytes, they do give rise to enough new cells over time to allow self-renewal of their population [50]. Studies using the ProTracer genetic system, which records the proliferation events of entire cell populations over time in the murine liver, revealed that proliferation, following liver damage, occurs predominantly in midzonal hepatocytes, which are the first hepatocyte population to enter into the cell cycle after liver resection [51].
Furthermore, a high telomerase expression hepatocyte (TERThigh) population found in the zone 2 throughout the liver can proliferate during homeostasis and in response to hepatocyte loss to regenerate damaged liver tissue [52]. These fate-tracing studies clearly indicate that zone 2 hepatocytes are the facultative stem cells involved in liver homeostasis and restoration after acute injury (Figure 1). Since pericentral hepatocytes have been also reported in liver regeneration, we cannot exclude their contribution in the regulation of the zone 2. The proliferation of zone 2 hepatocytes could be subjected and controlled by paracrine WNT signals, themselves regulated by zone 3 hepatocytes.  The hypothesis that a specific hepatocyte population in different zones of the liver is able to control other hepatocyte zonation is supported by several lineage tracing experiments that have concluded that the proliferative capacity of hepatocytes is not concentrated in one population, but it is distributed among hepatocytes throughout the liver [53,54]. Moreover, both liver homeostasis and regeneration after injury reportedly result from modest proliferation of all hepatocytes throughout the liver with no single hepatocyte population making a substantially larger contribution than the others [53].  Clearly, further work is needed to fully understand the implication of liver zonation in regeneration and if external factors contribute to this complex process following acute injury.
Despite the clear role of zone 2 hepatocytes in liver regeneration, little is known about their potential contribution to HCC formation. TERT is one of the most frequently mutated genes in HCC development [55]. TERT mutations lead to an overexpression of telomerase, the enzyme responsible for the maintenance of telomere length [20]. Although, telomere maintenance in HCC carcinogenesis could have multiple roles, telomerase activation is the earliest event in HCC development, and hence, it is associated with tumor progression and aggressiveness [56,57] (Figure 1).  Moreover, long telomeres are characteristic of very aggressive HCCs, associated with TP53 alterations and poor prognosis [57]. Therefore, TERThigh zone 2 hepatocytes might link liver regeneration to HCC development.
Other work suggests that a subpopulation of periportal hepatocytes called hybrid hepatocytes (HybHP), that exhibit weak expression of the ductular marker SOX9, are the facultative stem cell pool [58]. The HybHP population in the periportal zone proliferates to restore liver mass and function after chronic injury and when hepatocyte proliferation is impaired [58]. However, the existence of these periportal hepatocytes has been fairly questioned because of their similarity to the wider HPC population. Indeed, HybHP population was not detected when tracking Sox9-positive cells in a genetic mouse model of HCC that recapitulates clinical features [8].
[bookmark: _Hlk114754499]The role of HybHPs in tumorigenesis is also controversial due to their limited tumorigenic potential [58]. It has been reported that periportal-like HCCs are originated from the loss of liver kinase B1 (LKB1), a nutrient sensor and AMPK activator located in the periportal area [59]. LKB1 loss in hepatocytes causes a reduction of periportal gene expression, consequently leading to a fast HCC progression, supporting  the poorly aggressive phenotype of periportal tumors [59] (Figure 1). This is also supported by the fact that human HCCs composed of liver-enriched genes involved in periportal phenotype, such as glutaminase-2 (GLS2) has the best clinical outcomes and the lowest potential for early recurrence [43].  Therefore, the aggressiveness of HCC is mostly related to pericentral phenotype, but it remains unknown whether these tumors originate directly from pericentral hepatocytes or whether high mutations in the -catenin axis can cause the transformation of periportal hepatocytes into ¨pericentral-like hepatocytes¨ to  promote aggressive pericentral-like tumors and poor prognosis [43].
Since hepatocyte population is very heterogenous with different metabolic and transcriptomic profiles depending on their location, it is not excluded that distinct populations might have different and exclusive roles in liver regeneration and HCC development. Clearly, specific markers to identify this divergent hepatocyte population combined with fate-tracing studies in a non-specific tumor-inducing injury model are needed to determine their particular contribution in liver regeneration and HCC, and to understand how perturbation of metabolic zonation can contribute to these processes. Work from our lab suggest that URI expression in hepatocytes induces HCC [8,31–33]. Moreover, URI marks the slow-cycling label-retaining cells within the intestinal crypts, which represent the facultative stem cell pool capable of repopulating the organ after ionizing radiations [60]. Therefore, deciphering the localization of URI in the liver, as well as its role in regeneration could address the complex relationship between regeneration and HCC development. Finally, it is important to mention that translating findings into human should be more and more considered, since differences in genetic, transcriptional and metabolic profiles between mouse and human hepatocytes might generate divergent results.

Ploidy in liver regeneration and HCC. Polyploidy is a characteristic of hepatocytes that links liver regeneration to HCC [61]. Polyploid hepatocytes represent >80% of the hepatocyte population in rodent livers and around 30% of that in human livers. The roles of diploid and polyploid cells in homeostasis and disease are not fully understood [61,62], and the involvement of polyploid hepatocytes in liver regeneration and cancer is heavily debated (Box 1 and Table 1).
Polyploid hepatocytes reportedly maintain the ability of liver tissue to regenerate during chronic injury without generating mitotic errors [63]. Polyploid hepatocytes contribute significantly to liver regeneration in multiple settings because they can undergo multiple cell cycles to repopulate and regenerate the liver, and can produce diploid cells through mitotic reduction and re-polyploidization to regenerate the liver after injury [54]. However, the role of diploid and polyploid hepatocyte populations could be different in the regenerative process. Diploid hepatocytes enter into the cell cycle earlier, and progress through it faster than polyploid hepatocytes [64]. Accordingly, after transplanting diploid- and octoploid-enriched hepatocytes into FAH-deficient mice, it has been reported that both populations had similar proliferative potential [65] (Figure 2).
Several evidences suggest that polyploidy is associated with liver regeneration rather than tumorigenesis. A DEN-treated highly polyploid mouse model did not develop liver tumors, due to the  massive presence of hyperpolyploid hepatocytes [66]. Because of the additional set of chromosomes, polyploid hepatocytes are strongly resistant to the loss of tumor suppressor genes, and therefore, they might be ¨anti-tumorigenic¨ [64]. Conversely, diploid cells might lead to malignancy, apparently due to the loss of heterozygosity of tumor suppressor genes, and to their characteristics to divide and proliferate faster than polyploid hepatocytes [63] (Figure 2). 
Single-cell RNA-sequencing and cell-lineage tracing studies revealed an enrichment of tetraploid hepatocytes in pericentral hepatocytes [54,67]. However other findings suggest that the pericentral Axin2+ hepatocytes that are linked to HCC development [44–46] represent a diploid population [39]. This is consistent with recent evidences showing that in single-cell quantitative reverse-transcription polymerase chain reaction (sc-RT-qPCR) experiments, diploid hepatocytes were preferentially localized in the pericentral region in mice and expressed liver progenitor cell-like markers more strongly than polyploid pericentral hepatocytes [68]. Although hepatocytes might have different levels of ploidy, most likely required to adjust their gene expression profile within liver zones [67], quantitative and qualitative in situ imaging studies using surgically resected human HCC tissues revealed no specific zonation pattern for polyploid hepatocytes [69].
Hepatocyte polyploidization can increase DNA content or decrease it by a process known as ploidy reversal [61] (Figure 2). This ploidy reversal mechanism facilitates rapid hepatocyte regeneration [70], but also increases the probability of aneuploidy and chromosomal instability, promoting liver tumorigenesis [62], suggesting a critical role between polyploid hepatocytes, liver regeneration and cancer. In agreement with this, reducing polyploidy leads to chromosomal aberration and hence, facilitates progression to hepatocarcinogenesis [54]. Conversely, aneuploidy is rarely observed in cirrhotic livers that can progress to HCC [71,72], and fewer liver tumors are observed in livers with polyploid hepatocytes following chronic injuries [71]. 
Therefore, the likelihood of tumorigenesis in polyploid hepatocytes may depend on their nuclear and mutational states. Polyploid hepatocytes that undergo multiple rounds of cell division become predominantly mononucleated and resistant to ploidy reduction [73], whereas binuclear polyploid hepatocytes are reportedly reduced in all types of HCC tumors, regardless of their mutations [69]. Moreover, mononucleated polyploid hepatocytes have been associated with HCC that have predominant mutations in TP53 gene [69], indicating that TP53 genes account for higher percentage of mononucleated polyploid hepatocytes. Notably, HCCs with TP53 mutations are characterized by lower grade of differentiation, higher proliferation rate and poorer prognosis in patients [20,41]. TP53 mutations are also associated with chromosomal aberrations and are precursors of malignant tetraploid cell formation [74] (Figure 2). 
Thus, to better understand the roles and functions of polyploid hepatocytes, it will be necessary to identify the specific contexts in which mononucleated and binucleated polyploid hepatocytes are linked to liver regeneration or HCC development. Furthermore, since the proportion of polyploid hepatocytes in humans differs from that in mice and the role of polyploidy might be species-dependent, more studies using human hepatocytes are needed to obtain clinically relevant data. 

Metabolic and proliferative hepatocyte profiles in liver regeneration and HCC. Given the fact that hepatocytes undergo profound metabolic changes when they proliferate during liver regeneration and HCC [75,76], another open question in the field is how metabolically active but quiescent hepatocytes can become proliferative in response to damage and then return to quiescence [75]. Metabolic rewiring of hepatocytes when primed to proliferation during compensatory regeneration and in HCC is not fully understood. Comprehending the metabolic changes undergo by hepatocytes during regeneration and HCC is essential to recognize metabolic pathways related with hepatocyte proliferation in HCC growth. 
There is evidence that transitions between the metabolic and proliferative states are driven by changes in chromatin accessibility. For example, studies using liver organoids suggested that hydroxymethylation of metabolic target genes by a protein part of Ten-eleven translocation (TET) family, which function is to convert 5-methylcytosine to 5-hydroximethylcytosine in mammals [76], may contribute to the transformation of quiescent ductular cells into bipotential progenitor cells [76]. Moreover, bromodomain adjacent to zinc finger domain 2A (Baz2a) and 2B (Baz2b) in hepatocytes, components of SWI/SNF chromatin remodeling complex [77], have been implicated in liver regeneration; their inhibition accelerated liver healing after injury and increased cell-cycle gene expression by the production of ribosomal components and protein synthesis [78], indicating that inhibition of BAZ2 might be effective to promote liver regeneration after liver transplantation [78].  Despite knockdown of AT-rich interaction domain 1b (ARID1B), another component of SWI, reportedly prevents from senescence and cooperates to induce liver tumors [79], it remains still to determine if BAZ2 inhibition could also reduce the burden of cirrhosis and HCC.
In addition, together zinc and ring finger 3 (ZNRF3)  and its homolog ring finger 43 (RNF43) were proposed as gatekeepers of liver homeostasis because of their ability to spatially and temporally restrict WNT/-catenin activity and to thereby regulate the balance between metabolic functions and hepatocyte proliferation [80]. ZNRF3/RNF43 negatively regulate WNT signaling and RNF43 is specifically expressed in pericentral hepatocytes. Deletion of both proteins results in defective hepatocyte regeneration and liver cancer due to an imbalance between differentiation and proliferation [81]. 
Another important open question relates to the mechanisms by which the injured liver maintains vital functions before tissue recovery. Expression of metabolic genes has been suggested to be vital for liver function, which is ensured by an adaptive reprogramming process that depends on macrophage-derived WNT/-catenin signaling [82]. Accordingly, liver recovery following tissue damage is driven by macrophage- and endothelium-derived WNT signals that induce compensatory activation of metabolic genes in non-proliferative hepatocytes to maintain essential physiological functions before cellular reconstitution [82]. Thus, specific WNT signals involved in this compensatory process might be considered as therapeutic targets in HCC and acute liver failure pathologies.

Immune system in liver regeneration and HCC development
Liver injury can modulate the immune system, affecting liver regeneration and HCC development. By performing partial hepatectomy, one of the most common model of acute liver injury to study liver regeneration [17], it has been demonstrated that rat livers with severe steatosis had reduced regeneration, most likely due to an excessive proinflammatory cytokine response, which suppresses hepatocyte proliferation and thus impairs the regenerative process [83], suggesting that impaired regeneration in fatty livers can lead to severe diseases.  Notably, elevated levels of interleukin-17A (IL-17A) due to damaged and transformed hepatocytes trigger inflammatory responses, leading to diabetes, non-alcoholic steatohepatitis (NASH), and HCC development [32]. Moreover, the impaired regeneration of fatty livers is clinically important in human liver transplant patients because obese patients experience slower liver regeneration than non-obese individuals after surgery [84]. Since fatty liver disease often progresses to NASH and hence to HCC [32], impaired liver regeneration might promote tumorigenesis in this case.
Damaged hepatocytes can also increase bile acids levels to regulate the inflammatory system. For example, it was reported that RORγ+ Treg immune cells in the intestine are activated by secondary bile acids to maintain a healthy colonic pool of RORγ+ Treg cells [85,86]. Moreover, secondary bile acids such as isolithocholic acid (isoalloLCA) and 3β-hydroxydeoxycholic acid reportedly control T-cell differentiation via the xenobiotic transporter Mdr1 to maintain T-cell homeostasis  [87,88]. Similarly, Th17 cell differentiation can be controlled by secondary bile acids such as 3-oxo dehydrolithocholic acid (3-oxoLCA), and it was observed that bile acids can activate TGR-5 in macrophages and thereby inhibit proinflammatory cytokine production [87]. Since Th17+ RORt+ cells have been implicated in NASH and HCC development [32], it may be that increased bile acid levels to activate RORt+ cells during disease progression potentiate HCC development [32]. In this context, it is notable that RORt inhibitors such as digoxin have been proposed to reduce IL-17A levels and to thereby reduce obesity and the likelihood of NASH and HCC development [32]. Their potential utility in liver regeneration and in the clinical treatment of obese liver transplant patients should thus be investigated [89]. These studies highlight the need to elucidate the interactions between bile acids and immune system in liver diseases. 
Inflammation during liver injury can also be caused by senescent hepatocytes. Senescence in the liver has been linked to both liver regeneration and tumorigenesis. Cellular senescent in the liver prevents the proliferation of damaged hepatocytes, but senescent hepatocytes can also acquire the secretory phenotype, known as senescence-associated secretory phenotype (SASP) composed by a group of cytokines, growth factors and proteases specialized to activate immune cells. Recruitment of immune components to the liver can either remove premalignant senescent hepatocytes, preventing HCC formation [90,91], or exert pro-tumorigenic effects by reawakening non-proliferative or dormant hepatocytes [92]. Moreover, SASP of senescent hepatocytes has been shown to inhibit the function of natural killer (NK) cells, promoting HCC development [90]. Nevertheless, extracellular matrix and growth factors produced by senescent cells have been implicated in liver regeneration by facilitating the repair and growth of damaged hepatocytes or by inducing plasticity and stemness of neighboring hepatocytes to promote tissue regeneration [93–95]. 
Resident macrophages in the liver sinusoids, called Kupffer cells,  also play important roles in liver regeneration [16,96,97], as demonstrated by the observation of delayed liver regeneration in colony-stimulating factor 1 (CSF1) knockout mice subjected to partial hepatectomy. Boosting macrophages could therefore be another useful therapeutic strategy for liver transplant patients [97]. In line with these findings, a recent study suggested that ATP secreted by hepatocytes can activate macrophages to promote liver regeneration [98]. Yet, Kupffer cells can activate the liver colonization by platelets at early and late stages of NASH, potentially progressing to cirrhosis and HCC [99]. Antiplatelet therapy reportedly prevents NASH and subsequently HCC development [99]. Despite these findings, mechanisms of macrophage activation in vivo and their precise role in liver regeneration and HCC remain obscure. 

HPCs in liver regeneration and HCC development
 HPCs in liver regeneration. Impairment of hepatocyte replicative potential can lead to the expansion of a subpopulation of “facultative bipotential stem cells” [17] known as LPCs in humans and  HPCs or oval cells in mice to continuously supply new hepatocytes and maintain the functional integrity of the organ during chronic liver injury. Due to their phenotypic similarity, biliary-like signature, and locational contiguity with cholangiocytes, it is widely accepted that LPCs/HPCs are a subpopulation of cholangiocytes (BECs). This is supported by the fact that LPCs/HPCs express several biliary markers and can differentiate into hepatocytes and cholangiocytes in vitro under certain conditions [100–104]. 
However, the existence of resident, most likely dormant, facultative bipotential LPCs/HPCs in homeostatic liver remains controversial. Although the expansion of these cells was initially observed in the periportal region of rat livers [105], their genetic tractability in rats is limited, so investigators established new mouse models to label and track HPCs. Early studies suggested that the cells involved in regenerating the liver parenchyma are Sox9-positive precursors residing in bile ducts [106]. However, by tracing hepatocytes in situ by using the non-toxic vector AAV8-Ttr-Cre, it was concluded that, only a small percentage of hepatocytes were replaced by HPCs after acute liver injury induced by CCl4 [4]. Moreover, labelling and tracking of HPCs demonstrated that only 2.45% of newly differentiated hepatocytes derived from HPCs in the murine choline-deficient ethionine-supplemented (CDE) dietary model of chronic liver injury, and that the contribution of HPCs to hepatocyte neogenesis after partial hepatectomy or acute liver injury was insignificant [9]. Similarly, by tracking HNF1β+ HPCs, the expansion of these cells reportedly generates hepatocytes and accounts for only a small proportion of newly formed hepatocytes after chronic liver injury [107]. 
By contrast, there is little evidence supporting hepatocytic regeneration from HPCs in experiments involving lineage tracing of Sox9-positive cells [108], although fate-tracing studies in a mouse model of liver tumorigenesis concluded that Sox9+ HPCs were implicated in the formation of new periportal hepatocytes, as well as giving rise to regenerative nodules and adenomas [8].  Similarly, upon labelling different cell types (BECs, atypical ductal cells, hepatocytes and highly proliferative liver cells) in several liver damage models [109] no evidence was found to prove that HPCs contribute to hepatocyte formation. The same conclusion was obtained when multiple fate-tracing strategies were applied in the aforementioned CDE model [110]. 
Interestingly, by varying the content of ethionine in the CDE diet and labelling HPCs with the Foxl1 marker, it has been determined that 29% of new hepatocytes derived from Foxl1+ progenitor cells [102]. In addition, when Mdm2 gene was explicitly inactivated in hepatocytes, causing the upregulation of p53 and, consequently, hepatocyte death and senescence, HPCs can proliferate and differentiate into hepatocytes in order to repair the architecture of the damaged liver parenchyma [111]. Additionally, experiments on organoid development from human bile duct cells showed that human HPCs are bipotent stem cells in vitro and in vivo, generating three-dimensional organoids and functional hepatocytes after transplantation and under long term culture [112]. Conversely, another study found that HPCs contribute to the maintenance of ductal cells without differentiating into hepatocytes [113]. The inconsistent findings concerning the role of HPCs in liver regeneration may be partly due to differences in the liver injury models used in the studies: the 3,5-Diethoxycarbonyl-1,4-Dihydrocollidine Diet (DDC) diet induces bile duct injury, whereas the CDE diet induces hepatocyte damage.

BECs: a question of plasticity. 
Cholangiocyte transdifferentiation. Several studies using zebrafish models have suggested the existence of bile duct cells (namely cholangiocytes or BECs) with an “intermediate like progenitor state” during liver regeneration. In one of these zebrafish liver regeneration models, hepatocyte ablation was controlled by metronidazole (MTZ) administration in different transgenic lines expressing bacterial nitroreductase (NTR) [12].  NTR converts MTZ into a DNA interstrand cross-linking agent, leading to the death of NTR-expressing cells. Following hepatocyte ablation, authors observed that bile duct cells  dedifferentiate into hepatoblast-like cells (HB-LCs) and subsequently re-differentiate into new hepatocytes [12]. Another study found that notch-dependent biliary cell–to–hepatocyte transdifferentiation was the dominant hepatocyte regeneration process and proceeded through a bipotential intermediate state [14]. The contribution of BECs to hepatocyte regeneration in mammalian systems has also been studied in transgenic mice. Loss of β1-integrin or p21 overexpression in mouse hepatocytes with liver injury resulted in the emergence of a significant population of cholangiocyte-derived hepatocytes, indicating that cholangiocytes act as facultative liver stem cells when hepatocyte proliferation is impaired [6]. Moreover, hepatocyte-specific genetic loss of β-catenin in hepatocytes during CDE diet-induced liver injury impairs  hepatocyte proliferation, leading to the repopulation of the liver with cholangiocyte-derived hepatocytes [7].
Separately, experiments using chronic liver disease models based on thioacetamide (TAA) and DDC diets showed that bile duct cells contribute significantly to hepatocyte regeneration during chronic liver damage but do so without entering progenitor-like states. Interestingly, bi-phenotypic cells simultaneously expressing bile duct and hepatocyte markers were observed in these experiments [114]. Finally, during chronic liver injury caused by repeated administration of CCl4, bile duct cells expanded clonally to regenerate the damaged liver, giving rise to hepatocytes with advantages in survival, proliferation, and DNA repair compared to those arising from pre-existing hepatocytes [115]. Yet, the differences between HPCs and BECs might be minimal, and most of the studies could point to the same population of cells. It is clear that future work is required to determine the real existence of HPCs and if they are indeed activated upon chronic liver injury.

Hepatocyte transdifferentiation. Dedifferentiation of hepatocytes into BECs in organoid cultures was also reported [116], suggesting that hepatocytes may contribute to the repopulation of the biliary tree via a backward dedifferentiation process. Other studies have found that “bipotential hepatocytes” expressing both hepatocyte and BEC markers can transform into BECs to repair a periportal injury when BEC proliferation is restricted in vivo [117–120]. Direct transdifferentiation has been debated and instead, it has been proposed that mature hepatocytes suffer from a reversible ductal metaplasia in response to injury. Accordingly, they first dedifferentiate into an “intermediate progenitor- like state” and then they convert into BECs [108]. This process is reported to be reversible, and during the recovery, hepatocyte-derived progenitor cells get back again into mature hepatocytes [108]. Further work will however be needed to clarify the regenerative mechanisms that are actually operative during human liver diseases and to resolve the ongoing intense debate concerning the existence of resident HPCs that can restore liver mass following catastrophic organ damage and the capacity of certain hepatocytes to serve as a reservoir of facultative stem cells.

HPCs in HCC development. Given the high activation of HPCs during the development of chronic liver diseases, many investigators have assumed that HPCs contribute to the generation of primary liver tumors.  This hypothesis was initially supported by several correlative studies in which phenotypic analysis of tumors revealed high expression of several HPC markers that are frequently associated with poor prognosis including cytokeratin 7 (CK7), cytokeratin-19 (CK19), oval cell marker (OV)-6, epithelial cell adhesion molecule (EpCAM) and Spalt Like Transcription Factor 4 (SALL4) [24]. Tumors expressing CK19, EpCAM, or CD133 exhibit elevated recurrence after liver transplantation or transarterial chemoembolization treatment [25,26], and CK19+ HCC are reported to be more invasive and metastatic than other HCC types [27,28].
One way to evaluate the tumorigenicity of HPCs is to isolate them and then transplant them into mice following genetic manipulation. Using this approach, it was shown that E-cadherin expressing hepatoblasts provoked the formation of liver tumors resembling human HCCs after being transduced with oncogenic factors and re-transplanted into retrorsine-treated mice. However, it should be noted that (i) performing oncogenic transformation of HPCs would have more convincingly demonstrated their role in the initiation and progression of HCC [121], and (ii) the isolation of HPCs could provide a chemical-induced competitive advantage to the transplanted cells, meaning that the model used in these experiments does not fully recapitulate the features of human inflammation-driven hepatocarcinogenesis.
In a more compelling study, various mouse primary cells (HPCs, lineage-committed hepatoblasts, and differentiated adult hepatocytes) were transduced with oncogenes and then transplanted into immunodeficient mice. This revealed that both hepatocytes and HPCs can generate malignant tumors (cholangiocarcinoma and HCC) independently of the origin of the transplanted cells. Moreover, studies using genetically engineered mouse models suggested that progenitor subpopulations are responsible for HCC development: hepatocyte-specific PR-SET7 knockout mice developed proliferation-deficient hepatocytes and general inflammation, leading to HPC proliferation and subsequently to the development of undifferentiated HCCs [122]. It has also been reported that there is a subpopulation of fetal HPCs that promote HCC with lung metastases in response to β-catenin stabilization. Furthermore, transforming growth factor (TGF)-β, which is strongly expressed in cirrhotic livers, causes the transformation of HPCs into tumor initiating cells and promotes hepatocarcinogenesis in rats [123]. In line with these findings, the introduction of activation-induced cytidine deaminase (AID)-mediated genetic alterations in a lineage tracing mouse model (EpcamCREERT2) gave rise to HCC, confirming the role of HPCs in hepatocarcinogenesis [23].  
Several signaling pathways, such as Notch or Hippo pathway, has been shown to play an important role in the activation and expansion of HPCs during the regenerative response, and simultaneously in HCC development, linking both processes and questioning the actual origin of HCC [124,125]. Indeed, the inactivation of Hippo signaling pathway, and consequently the activation of its effector nuclear yes-associated protein (YAP), not only promotes liver tumorigenesis, but also HPC regenerative response [124,126,127]. Likewise, Notch activation-derived HCC tumors in mice and human share HPC markers, such as Sox9  [125].

Cirrhosis and HCC
If hepatocyte proliferation is suppressed following severe and chronic liver damage, alternative regenerative responses do not only implicate the ductular reaction, but also the activation of HSCs. Since the activation of HSCs have been extensively reviewed elsewhere [16,128], we will only briefly discuss their roles in liver regeneration and HCC. 
HSCs are pericyte-like cell population and well-recognized collagen-producing cells in the liver, and portal fibroblasts, widely considered to be the most relevant sources of hepatic myofibroblasts [16,129], responsible for liver fibrogenesis during chronic diseases [129]. Following liver injury, HSCs receive signals from hepatocytes and immune cells to be activated, secreting extracellular matrix, cytokines and growth factors to regulate hepatocyte proliferation as well as the activation of immune and endothelial cells in a feedback loop program [16,130]. HSCs not only control the proliferative status of hepatocytes in the early stages of liver regeneration, but they are also involved in reducing hepatocyte death during the repair process, rendering the regenerative process more efficient [130–132]. HSCs via TGF- secretion can also supress hepatocyte proliferation to return hepatocytes to their initial quiescent state during the termination phase of liver regeneration [133,134]. Moreover, extracellular matrix secreted by HSCs scaffolds the proliferative hepatocytes during liver regeneration, maintaining the integrity of the parenchyma [16,130]. 
Activation of HSCs also involves activation of liver sinusoidal endothelial cells (LSECs), which form the sinusoids in the liver, vascular channels containing pores called fenestrae. LSECs  play important roles during liver regeneration via the formation of new vessels that support hepatocytes during and after the regeneration [135] and also via production of paracrine factors, such as HGF and WNT ligands, which can control hepatocyte and HSC proliferation [135,136].  During chronic liver injury, the secretion of LECT2 from hepatocytes provokes dedifferentiation of LSECs, inducing their fenestrae loss and overactivation of HSCs which in turn leads to fibrosis [137–139]. Additionally, genetic deletion of endothelial Gata4 causes liver fibrosis and hepatopathy [140], indication a critical role of LSECs in the fibrogenesis process. Due to their crosstalk with the liver cell microenvironment, LSECs can also play a direct role in HCC development and progression, but mechanisms remain poorly studied [138,141]. 
When injury is chronic and the alternative regenerative response becomes persistent with a continuous expansion of BECs and an overactivation of HSCs, accumulation of extracellular matrix components produces a severe and pronounced fibrotic scar, leading to liver disorders that can end up in cirrhosis, which fatally impairs liver function [16,128]. Cirrhosis is hence characterized by disrupted liver architecture and zonation, along with the fibrotic bands (fibrosis) and parenchymal nodules (regenerative nodules), all of which generate a notable amount of altered mechanical forces that could be converted into biochemical stimuli to recruit immune cells [16]. Liver cirrhosis is considered to predispose to HCC development [142] because 80-90% of HCC cases occur in a background of liver cirrhosis [20]. However, several apparent paradoxes have raised questions about whether cirrhosis is a risk factor for HCC development. For example, although most patients develop HCC in a background of cirrhosis, several epidemiological studies have demonstrated that fewer than 5% of cirrhotic patients progress to HCC [143]. Moreover, the nodular architecture surrounded by fibrotic septa in cirrhosis could physically and spatially restrain hepatocyte expansion, confining their clonal outgrowth and preventing the spread of tumorigenic hepatocytes [144]. Hepatocyte proliferation also requires the loss of mechanosensing at cell-matrix junctions [145], suggesting that loss of mechanotransduction generated by the structural organization in cirrhotic livers could promote hepatocyte proliferation. Furthermore, HCV patients treated with antiviral agents that reduce the fibrotic state have an unusually high rate of early HCC recurrence [144–148], and recent work suggests that pre-malignant somatic alterations in hepatocytes from cirrhotic patients can promote regeneration, likely independent of carcinogenesis [144]. The cirrhotic process may thus be a response of the liver to control tissue regeneration and clonal expansion [128]. Further studies and new engineered mouse models recapitulating human cirrhosis are needed to better understand this complex process and the role of cirrhosis in HCC development.
Encouragingly, the first genetic mouse model of cirrhosis was recently created by means of hepatocyte-specific elimination of microspherule protein 1 (MCRS1), a member of the non-specific lethal (NSL) and INO80 chromatin-modifier complexes [149,150]. MCRS1 loss in hepatocytes induces perturbation of histone acetylation of bile acid  transporter genes and causes an accumulation of primary bile acids in the bloodstream, which in turn activates HSCs via the farnesoid X receptor (FXR), the master regulator of bile acid homeostasis, predominantly expressed in human and mouse liver fibroblasts [151]. The causal relationship between perturbation of bile acid flow and HSC activation has been recently deciphered [152] showing that the bile acid-FXR axis in HSCs is a universal signaling event in fibrosis [153], but whether bile acids can act and activate HPCs remains not well studied. Accordingly, physiological levels of bile acids can regulate homeostatic YAP activity in BECs, promoting the survival of these cells [154].
Despite the bile acid-FXR axis in HSCs in fibrosis has been recently shown [153], their potential significant role in HCC development still remains to be determined. Several studies have demonstrated that the misbalance of the gut microbiota can lead to liver cancer by modulating bile acid metabolism [155]. It has been shown that the accumulation of secondary bile acids due to a change in the gut microbiota can cause senescence-associated secretory phenotype in HSCs [156] and the activation of mTOR signaling in hepatocytes [157] promoting an inflammatory response and contributing therefore to HCC development. Excess of primary bile acids secreted by damaged hepatocytes can also lead to dysbiosis, most likely promoting bacteria implicated in the over-production of the short chain fatty acid butyrate via fiber fermentation. Increased butyrate levels due to dysregulated microbial fermentation of soluble fibers reportedly induce liver cancer [158]. Conversely, supplementation of butyrate, involved in bile acid deconjugation, reverses the high levels of secondary bile acids and inhibits ERK1/2, limiting the inflammatory response and therefore HCC formation [159]. The link between damaged hepatocytes, liver regeneration and HCC remains still elusive and future work would help to solve an important question if liver regeneration is key in hepatocellular carcinoma development.





Concluding remarks
[bookmark: _Hlk114755837]Although hepatocytes are the cells responsible for liver restoration under homeostatic conditions, it is not yet clear whether a subpopulation of hepatocytes with higher regenerative capacities governed by their metabolic and ploidy status are involved in regeneration following liver damage and/or in HCC development. Since it appears that hepatocytes from zone 2 are the first to enter the cell cycle following acute liver injury but zone 3 hepatocytes might be the liver cell population that gives rise to HCC, therefore, in view of the above findings and from our opinion, liver regeneration and HCC development might be mutually exclusive. This conclusion is further supported by the fact that the diploid hepatocytes surrounding the central vein might promote HCC, whereas the polyploid hepatocytes involved in liver regeneration reportedly protect against hepatocarcinogenesis. However, reverse ploidy could expose the liver to increased aneuploidy and chromosomal instability, and hence tumorigenesis. Overall, the association between liver regeneration and HCC remains still poorly characterized. Elucidating the link between these two processes would be of great clinical relevance because tumor resection or partial hepatectomy-activated liver hypertrophy often expose the regenerated organ to carcinogenesis and tumor relapse. 









Glossary 
Biliary epithelial cells (BECs) or cholangiocytes: hepatic cells lining the tridimensional network of the biliary tract that transport bile and influence its composition by secreting bicarbonate ions and water.
Cirrhosis: a chronic liver disease characterized by the formation of regenerative nodules surrounded by fibrotic bands in a highly vascularized structure.
Ductular reaction: characterized by the proliferation of reactive bile ducts cells or BECs induced by chronic liver injuries. The ductular reaction is accompanied by fibrosis and inflammatory infiltrate, as a response of severe and chronic liver damage. 
Hepatic progenitor cells (HPCs): bipotent facultative stem cells resident in the mouse liver during homeostasis and that are activated following severe and chronic liver injury, leading to their differentiation into either hepatocytes or cholangiocytes. 
Hepatic stellate cells (HSCs): liver-specific mesenchymal cells localized in the perisinusoidal space of the liver, known as space of Disse. They are implicated in the storage of vitamin A or retinoids in form of lipid droplets under homeostatic conditions. Following liver injury, HSCs become proliferative cells called myofibroblasts.
Hepatocellular carcinoma (HCC): the most common human primary liver neoplasm and one of the most aggressive.
Hepatocytes: the most abundant parenchymal liver cells, which comprise up to 80% of the liver’s mass and perform the major hepatic metabolic functions including protein secretion, cholesterol uptake, glycogen storage, and detoxification of various chemicals.
Liver fibrosis: a process that leads to myofibroblast activation, which is responsible for extracellular matrix deposition and fibrous scar formation. 
Liver metabolic zonation: classification of hepatocytes into functional areas along hepatic lobules.
Liver progenitor cells (LPCs): bipotent facultative stem cells resident in the human liver during homeostasis that are activated following severe and chronic liver injury, differentiating into either hepatocytes or cholangiocytes.
Liver sinusoidal endothelial cells (LSECs): non-parenchymal liver endothelial cells that form a barrier between liver sinusoids and parenchymal cells having a vital role in physiological and immunological liver functions.
Ploidy reversal: mechanisms by which polyploid cells become diploid.
Polyploidy: a condition in which a cell has more than two homologous sets of chromosomes, a well-known feature of mammalian hepatocytes.
Regenerative nodules (RNs): pathological feature represented by benign small and visible tumors protruding from the liver parenchyma and entrapped by fibrotic septa during cirrhosis, and considered to originate from proliferative BECs. 
Senescence: irreversible cellular response characterized by cell cycle arrest which contributes to normal development, tissue homeostasis, and limits tumor progression.
Senescence-associated secretory phenotype (SASP): Variety of factors (cytokines, chemokines, matrix remodeling proteases, and growth factors) secreted by senescent cells associated often to pro- or anti-tumorigenic effects.  

Box 1. Role of polyploidy in the onset, development and suppression of HCC.
Polyploid cells have been observed in multiple cancer types and are clinically associated with aggressive and difficult-to-treat tumors [61]. Liver polyploidy reportedly prognosticates HCC development, but there is intense debate about whether polyploidy is oncogenic or tumor suppressive. Although different experimental models have shown that polyploidy facilitates tumorigenesis after cytokinesis failure [74], the link between cancer and polyploidy has mainly been described in physiologically diploid tissues. However, the liver has a high content of polyploid cells under physiological conditions. Polyploid hepatocytes might play a crucial role in liver regeneration and reportedly protect against genotoxic damage [63] and HCC development by providing extra copies of tumor suppressor genes and restricting proliferation [65]. Polyploidization can be reversed via a process called ploidy reversal. Although the arbitrary addition or loss of chromosomes from polyploid hepatocytes could result in aneuploidy, increasing chromosomal instability [54], chromosomal aberrations during chromosome segregation in ploidy reduction are very rare [69]. Aneuploid hepatocytes are also rare in healthy and cirrhotic livers but have occasionally been observed in regenerative nodules of cirrhotic livers [72,160]. Others important factors in HCC development include nuclear ploidy, which is sufficient to distinguish between pre-malignant and malignant liver parenchyma, and TP53 mutations [67,74]. If increased polyploidy in HCC is due to uncontrolled proliferation of diploid cells, increasing the abundance of polyploid cells in the liver could be protective under pathological conditions. A better understanding of the role of hepatic polyploidy and its regulation could enable the development of innovative strategies for diagnosing and preventing HCC.
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	Mouse model
	Experiments based on liver regeneration (LR) /tumorigenesis (T) studies
	Conclusions
	Reference

	Rosa-rtTa;TRE-short hairpin RNA mice (ANLN)
	T
	Polyploid livers develop less liver tumours
	[71]

	
	LR
	Polyploid hepatocytes maintain regenerative capacities without mitotic errors.
	

	Fah-KO
	LR
	Diploid and polyploid hepatocytes have similar proliferative potential
	[65]

	Rosa-Confetti
	LR
	Polyploid hepatocytes regenerate and generate ploidy-reduced cells with proliferative potential
	[54]

	E2f7 and E2f8 doble KO
	LR
	Polyploid hepatocytes are essential mediators to promote adaptation to liver disease
	[63]

	Rosa26-LacZ reporter
	LR
	Binuclear hepatocytes undergo reductive ploidy reversal during liver regeneration
	 [70]

	E2f7 and E2f8 doble KO
	T
	Hepatic diploid state is more susceptible to tumorigenesis compared with polyploid livers
	[64]

	
	LR
	Diploid hepatocytes proliferate faster than polyploid hepatocytes
	

	PIDDosome-deficient animals
	T
	Increase in hepatocyte ploidy protects mice from developing liver cancer
	[66]

	Resected tissues from patients with HCC
	T
	Polyploid hepatocytes do not exhibit a specific zonation. Highly polyploid tumors are associated with poor prognosis but binuclear hepatocytes are barely present in HCC tumours
	[69]

	Rosa-Confetti; Ubc-CreERT2
	T
	Polyploid hepatocytes are not fully protected from oncogenesis and that ploidy reduction can promote polyploid-derived cancer initiation
	[73]

	p53-null mouse mammary epithelial cells and null mice
	T
	Tetraploid p53 -/- MMECs spontaneously generate malignant myoepitheliomas
	[74]



Table 1. Polyploid hepatocytes in liver regeneration and HCC in mice. Summary of different studies published in mice on the role of the various liver ploidy status implicated in liver regeneration and tumorigenesis.
Figure 1. Relationship between metabolic zonation in hepatocytes and regenerative or tumorigenic potential. Hepatocytes from zone 1, located around the portal triad are known as hybrid hepatocytes and they could have the lowest regenerative and tumorigenic capacity. Zone 2 has been proposed to harbor the hepatocytes with the greatest regenerative capability and they likely have an intermediate HCC potential. Hepatocytes from zone 3, around the central vein, also seem to show regenerative activity and could be the most likely HCC precursors. 

Figure 2. Role of polyploidy in liver regeneration and HCC development. The liver contains hepatocytes of differing ploidy. During liver regeneration, diploid hepatocytes mainly undergo complete cytokinesis, giving rise to newly formed diploid hepatocytes. Conversely, polyploid hepatocytes give rise to both diploid and polyploid hepatocytes by ploidy reversal and incomplete cytokinesis, respectively. The higher proliferation rate of diploid hepatocytes means that they tend to accumulate more mutations. Polyploid hepatocytes have a lower proliferation rate and higher suppressor gene copy numbers and are thus less prone to loss of heterogeneity (LOH). It therefore seems that diploid hepatocytes have a higher potential to form liver tumors than polyploid hepatocytes.
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