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Polyploidy, also known as whole-genome amplification, is a condition in which the organism has more than two basic sets
of chromosomes. Polyploidy frequently arises during tissue development and repair, and in age-associated diseases,
such as cancer. Its consequences are diverse and clearly different between systems. The liver is a particularly fascinating
organ in that it can adapt its ploidy to the physiological and pathological context.
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| 1. Introduction

Eukaryotic organisms usually contain two complete haploid sets of homologous chromosomes (diploidy, 2 n). Polyploidy,
or whole-genome duplication, is the condition in which an organism or cell contains additional sets of chromosomes (e.g.,
4 n, 8 n). These additional sets of chromosomes may originate from a single species (autopolyploidy) or from different,
generally closely related, species (allopolyploidy). In polyploid cells, the number of chromosome may be amplified within a
single nucleus (mononucleate polyploid cells), defining the nuclear ploidy, or the genetic material may be distributed
between two or more nuclei (e.g., binucleate polyploid cells), defining cellular ploidy. It is important to distinguish between
polyploidy and aneuploidy, which is a deviation from a multiple of the chromosome number in which one or more of the
chromosomes are missing or present in excess.

Polyploidy was first identified more than a century ago and is considered to be an evolutionary adaptation to
environmental changes W2, Polyploidy is confined to certain taxa and is very common in plants and in certain groups of
fish and amphibians BI¥!. However, many species that are currently diploid, including humans, are derived from polyploid
ancestors Bll€l, These species, who experienced ancient genome duplications followed by genome reduction, are known
as paleopolyploids. The polyploidization of an entire organism is rare in mammals, in which it generally results in lethality,
spontaneous abortions or embryonic resorptions &, However, the theory that polyploidy was impossible in mammals
was overturned by the discovery of tetraploidy in the red vizcacha rat and its cousin, the golden vizcacha rat [&. Whole-
organism polyploidy may be rare, but polyploid cells are present at relatively high frequency in many mammalian tissues
LOIMIZIS] 1 physiological conditions, the transition of cells from diploidy to polyploidy is part of the developmental
program in some tissues 194 polyploid cells are found in the heart (cardiomyocytes, up to 4 n), bone marrow
(megakaryocytes, up to 128 n), placenta (trophoblast giant cells, up to 64 n) and liver (hepatocytes, up to 16 n). In adult
tissues, injury and cellular stress can induce cell losses and tissue homeostasis is dependent on the compensation of this
cell death. Polyploidization constitutes an alternative cell loss compensation strategy in postmitotic tissues lacking stem
cells R3Sl compensatory proliferation mechanisms have been studied in detail in Drosophila. Losick and coworkers
found that the adult abdominal epidermis responds to wounding by inducing the formation of large cells, facilitating the
rapid re-establishment of an epithelial barrier L8], Polyploidization also occurs in a sizeable proportion of human tumors
[L0JA7][18] Most tumors have polyploid or near-polyploid karyotypes 2920 polyploidy has been shown to be associated
with tumor progression, in particular due to its association with the development of chromosome instability (CIN) [2122][23]

| 2. Liver Polyploidy and Chronic Liver Disease

The most common causes of chronic liver disease (CLD) are chronic hepatitis B or C virus (HBV/HCV) infections, alcohol
abuse and non-alcoholic fatty liver disease (NAFLD) 24, Compensatory proliferation during CLD is now known to be a
major cellular process leading to polyploid adaptations and transformation events. Hepatocytes retain a unique ability to
proliferate rapidly in response to aggression (22, A continuous cycle of hepatocyte death and compensatory hepatocyte
proliferation takes place during CLD. Compensatory proliferation in CLD has also been linked to polyploid adaptations
because of cell-cycle defects leading to mitotic escape. For example, human liver parenchyma infected with HBV or HCV
presents an increase in the polyploid hepatocyte fraction (mononucleate and binucleate) and a parallel decrease in the
diploid fraction, correlated with disease severity 28127 During HBV infection, the HBx protein seems to play an essential



role in destabilizing the hepatocyte polyploid state. In a transgenic mouse model of HBV, HBx protein production in
hepatocytes has been shown to modify the timing of the cell cycle, accelerating entry into S-phase and delaying the G2-M
transition (281291, This phenomenon triggers a transient disruption of hepatocyte polyploidization, leading to an increase in
the proportion of mononucleate hepatocytes (=4 n) at the expense of binucleate hepatocytes 2% Alteration of ploidy
content in HBV infected hepatocytes has been correlated with high level of DNA damage and the activation of the mitotic
kinase PLK1 (Polo Like Kinase 1) (2289 An increase in the proportion of polyploid cells after HCV infection has been
observed in human primary hepatocytes B1. It has been shown, in hepatic cells (primary hepatocytes and HepG2 and
Huh7 cells), that the core proteins of HCV can induce polyploidization by impairing the spindle assembly checkpoint
function, thereby promoting mitotic segregation defects. This endomitosis process has been associated to a reduced Rb
transcription and enhanced E2F-1 and Mad2 expression which results in uncoupling of mitotic checkpoint B, Finally, the
best characterized mechanism linking compensatory proliferation and polyploidization has been described in NAFLD. Of
note, NAFLD is the most common cause of chronic liver disease worldwide it has been predicted that it will become the
most common underlying etiological risk factor for HCC and liver transplantation in the future B2B3I34] e investigated
the ploidy profiles during the setting of this disease B3I38] We have observed an enrichment in tetraploid and highly
polyploid mononucleate hepatocytes (=8 n) in the fatty liver parenchyma of various NAFLD mouse models (high-fat diet,
ob/ob, methionine-choline-deficient diet and PTEN KO ) and in NASH patients. Using primary hepatocyte cultures from
mouse models, we have shown that steatotic hepatocytes progress through the G1 phase, entering S phase, but that their
progression through the S and G2 phases occurs later than in control hepatocytes. This delay was associated with
activation of the “G2—M checkpoint” (the DNA damage response or DDR) controlled by the ATR—p53—p21 pathway, which
precludes activation of the mitotic kinase CDK1-cyclin B. This mechanism leads to an endoreplication cycle and the
abortion of mitosis. This work identified oxidative stress as a key driver of pathological polyploidization. NAFLD mouse
models treated with an antioxidant present lower level of oxidative stress and pathological polyploidization. This work
strongly suggested that the DNA damage induced by oxidative stress is the main driving factor underlying polyploidization.
Interestingly, oxidative stress-induced DNA damage has been clearly identified as a prevalent signal for the induction of
polyploidization in cardiomyocytes and giant granuloma macrophages BA38]. Further studies are required to improve our
understanding of the function of the hepatocyte polyploidy induced by the DDR in CLD, and to determine whether the
polyploid contingent can subvert the DDR.

| 3. Polyploidy and Centrosome Amplification

The centrosome is the major microtubule-organizing center involved in polarity, migration and cell division B2, In diploid
cells, the centrosomes are a pair of centrioles embedded in a complex proteinaceous structure, the pericentriolar material
(PCM). Centrosomes duplicate only once during S phase, to ensure that the cell carries two centrosomes at the onset of
mitosis, enabling it to form a bipolar spindle, thereby guaranteeing balanced chromosomal segregation “9. Polyploid cells
contain extra centrosomes. More than a century ago, Boveri suggested that increases in the number of centrosomes
caused cancer. It has now been clearly demonstrated that extra centrosomes cause chromosome instability, aneuploidy
and trigger spontaneous tumorigenesis in multiple tissues 414211431 polyploid cells with extra centrosomes can undergo
mitoses. These centrosomes may cluster together, acting as two single units mimicking a bipolar spindle, or may act as
single entities, generating multipolar spindles [224] Chromosome segregation errors are common during multipolar cell
division and lead to random gains and losses of whole chromosome (aneuploidy). In the liver parenchyma, proliferating
polyploid hepatocytes can form multipolar spindles; cell division then leads to the generation of progenies of lower ploidy,
sometimes associated with aneuploidy, in a phenomenon known as “ploidy reduction” 42I48l47]  plojdy reduction co-exists
with polyploidization and re-polyploidization in injured livers 42481 The degree of aneuploidy in the healthy liver is still a
matter of discussion 4249501 However, it has been clearly demonstrated that ploidy reduction acts as an adaptation
mechanism, enabling the liver to cope with chronic injury [£81(491(51]

In different tissues, polyploidy is frequently associated with CIN, aneuploidy, cell transformation and tumor formation, and
a number of important studies have tried to identify mechanism limiting the proliferation of polyploid cells. Pioneering
studies demonstrated that tetraploidization leads to the stabilization of p53, resulting in cell cycle arrest [221[531[54]
Aneuploidization following tetraploidization is mostly observed in cells in which p53 is inactivated B3B8, David Pellman’s
group has shown that tetraploid, but not diploid, mammary epithelial cells in which p53 is inactivated give rise to malignant
tumors in nude mice 81, It is becoming clear that an aberrant number of centrosomes can trigger an antiproliferative
signal in polyploid cells. Two mechanisms related to centrosome amplification and p53 activation have been reported to
restrain the proliferation of the polyploid contingent. The first mechanism was deduced from the observation that large
tumor suppressor kinase 2 (LATS2), the core kinase of the Hippo pathway, can be translocated from the centrosome to
the nucleus, where it stabilizes p53 by inhibiting MDM2 4. David Pellman’s group demonstrated that cytokinesis failure,
generating tetraploid hepatocytes, is a physiological activator of LATS2. LATS2 activates the p53 pathway in tetraploid



hepatocytes, but it also inactivates YAP/TAZ-dependent transcription, thereby limiting proliferation 2. Another
mechanism for p53 activation in response to polyploidization was recently described. This mechanism involves a multi-
protein complex, the PIDDosome. This complex was identified in 2004 as a protein complex involved in the activation of
caspase-2 (CASP2) in response to genotoxic stress 28], Since, it has been demonstrated that the PIDDosome, consisting
of p53-induced death domain protein 1 (PIDD1), the adaptor protein RAIDD, and CASP2, acts as a molecular sensor of
extra centrosomes, inducing p53-mediated cell cycle arrest if supernumerary centrosomes are detected 22, PIDD1
localizes to the mother centriole. The accumulation of additional centrosomes induces assembly of the PIDDosome,
through the recruitment of RAIDD and CASP2 to PIDD1. CASP2 is then activated and cleaves the E3 ubiquitin ligase
MDM?2, leading to p53 stabilization and p21-induced cell-cycle arrest 2. This mechanism has been demonstrated in both
cancer and non-transformed cells in which cytokinesis has failed 2. More recently, Saldky showed, in a very elegant
study, that the PIDDosome is involved in the regulation of p53 activation to limit hepatocyte polyploidy €. They showed
that the PIDDosome-p53-p21 axis is activated in hepatocytes, in which it controls the extent of polyploidization during
postnatal liver development. The PIDDosome is activated after the first round of cytokinesis failure in hepatocytes. E2F-
family members regulate the production of CASP2 and PIDDL1 for liver ploidy control. Interestingly, polyploid hepatocytes
also engage the PIDDosome during the regeneration process, to prevent excessive polyploidization 69,

| 4. The Fate of Polyploid Hepatocytes during Liver Tumorigenesis

The occurrence of polyploid cells is a frequent signature of cancers 152 and whole-genome duplication in tumor tissues
is strongly associated with copy number aberrations and a poor prognosis 2263l As previously described, several studies
have shown that polyploid cancer cells emerge before the onset of aneuploidy and during the transition from premalignant
to malignant lesions 485 These findings strongly suggest that polyploid cells are genetically unstable and favor
tumorigenesis LAL7. The liver is physiologically polyploid, has to cope with a certain degree of aneuploidy and modifies it
ploidy content following tissue injury and stress 8471 Deciphering the role of polyploidization in liver tumorigenesis is a
major issue. Several studies have shown that human hepatocarcinomas (HCCs) are highly enriched in diploid
hepatocytes, suggesting that polyploid status may protect against HCC and that diploid hepatocytes are the dominant
drivers of tumorigenesis (67881691 yntil recently, the lack of an experimental model for manipulating ploidy levels in vivo
without adverse effects for liver homeostasis hindered efforts to dissociate the tumorigenic potentials of diploid and
polyploid hepatocytes. However, in recent years, great efforts have been made to develop genetic models with either low
or high levels of ploidy, for careful dissection of the role of polyploidy in hepatocarcinogenesis. The groups of Leone X%
and Duncan 49 have studied the tumorigenesis process in DEN-treated E2f7/E2f8 knockout mice. They demonstrated
that these mice, in which the liver is mostly diploid, are much more susceptible to transformation than control mice, the
livers of which contain a mixture of diploid and polyploid hepatocytes 4270, Consistent with these findings, Sladky et al.,
observed that PIDDosome-knockout mice with a high degree of polyploidy are protected against DEN-induced HCC, and
that tumor progression in these mice seems to be driven by lower-ploidy hepatocytes Bl These data provide solid
evidence that the polyploid state protects the liver against tumor formation. Consistent with this conclusion, E2f7/E2f8
transcripts 2 and some components of the PIDDosome pathway 1 have been reported to be strongly expressed in
human HCC and positively correlated with a poor prognosis for patients.

What, then, are the intrinsic properties of polyploid hepatocytes responsible for this protection against liver tumorigenesis?
Polyploid hepatocytes proliferate less efficiently than diploid hepatocytes in response to proliferative stimuli, and this may
enable polyploid cells to suppress tumor development 2!, Zhu and coworkers proposed a number of other possibilities, in
their work on mouse models harboring a hyperploid liver, in which they manipulated the weaning period 4 or transiently
knocked down levels of the actin-binding protein anillin F4IZSI76] 5 key factor required for cytokinesis 4. They then
explored the outcome of these hyperploid livers compared to diploid ones (loss of E2F7/8 ) in diverse cancer models.
Consistent with the findings of other studies, they confirmed that mostly diploid livers were highly susceptible to HCC
formation and formed abundant tumors, whereas highly polyploid livers were much less susceptible and developed few
tumors 478 Diploid and polyploid livers were equally susceptible to oncogene-induced carcinogenesis, but polyploid
livers were more resistant to loss of heterozygosity (LOH) mechanisms mediating transformation 4. In this context, we
can speculate that the loss of one or more tumor suppressor genes by LOH in a diploid hepatocyte may favor
tumorigenesis, whereas the gene redundancy inherent to polyploid genomes may prevent the initiation of HCC by
providing a larger reservoir of tumor suppressor genes ( Figure 1 ). Together, these studies support the notion that higher
levels of polyploidy suppress liver tumors by limiting both loss of heterozygosity and proliferation, two of the potential
drivers of transformation.
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Figure 1. The two faces of polyploidy in HCC.Hepatocyte polyploidy can prevent tumor initiation by buffering loss of
heterozygosity (LOH) and mutations of tumor suppressor genes. In addition, the limitation of proliferation mediated by the
p53 checkpoint in the polyploid state, may prevent the expansion of potentially transformed clones. It is, therefore, thought
that liver tumors stem from diploid hepatocytes: diploid hepatocytes exposed to multiple oncogenic insults are more prone
to loss of heterozygosity. The gatekeeper phenotype of hepatocyte polyploidy can be impaired following ploidy reduction.
This phenomenon can generate progenies of lower ploidy displaying chromosomal instability (CIN) that are more likely to
undergo transformation following additional tumorigenic hits. TP53 mutation may also favor the development of polyploid
tumors, which are known to be more aggressive and to have a poorer prognosis.

Matsumoto et al. 28 and Lin et al. Z8 recently reshuffled the deck and added a level of complexity to the link between
polyploidy and tumorigenesis, by revealing that polyploid hepatocytes can promote tumor initiation through ploidy
reduction ( Figure 1) [Z8. Contrary to the studies described above, the work of these two groups directly addressed the
issue of the oncogenic potential of WT diploid and polyploid hepatocytes without the genetic manipulation of ploidy status
in hepatocytes. Grompe’s group developed a new multicolor reporter allele system for genetically labeling cells, to
facilitate the tracing of polyploid hepatocyte fate in vivo: heterozygous Rosa-Confetti multicolor reporter mice “8lIZ9. |n this
model, diploid cells can express only one reporter, whereas polyploid cells can be labeled by the co-expression of multiple
reporters of different colors, making it easy to distinguish and follow the behavior of each cell population and its progenies.
They demonstrated that polyploid hepatocytes undergo a strong decrease in ploidy in response to proliferative stimuli and
that polyploid hepatocytes and their ploidy-reduced daughters play a major role in the regeneration process in chronically
injured livers. The regenerative nodules emerging from proliferating polyploid hepatocytes harbored chromosomal
aberrations, suggesting that ploidy reduction promoted chromosome mis-segregation and chromosomal instability (CIN).
Contrary to previous reports, the authors showed, in various models of hepatocarcinogenesis (oncogenic insult or tumor-
prone chronic injuries), that polyploid hepatocytes per se and their ploidy-reduced daughter cells can give rise to tumors,
although the frequency was very slightly lower than that of their diploid counterparts 2. Polyploid hepatocytes
undergoing continuous proliferation during serial transplantation experiments were less responsive to multipolar mitosis
and, consequently, to ploidy reduction through the disappearance of their supernumerary centrosomes, than their naive
untransplanted counterparts. Serially transplanted polyploid hepatocytes had a significantly lower tumorigenic potential
than these “naive” cells. Differences in the intrinsic oncogenic properties of “naive” and transplanted polyploid
hepatocytes cannot be rule out, but these data nevertheless support the emerging hypothesis that ploidy reduction may
be a step-driver in tumorigenesis 2. Furthermore, competitive tumor formation assays have revealed that ploidy
reduction during the early steps of carcinogenesis plays a greater role in models of tumorigenesis induced by tumor
suppressor loss than in oncogene-induced cancer models 2. Overall, these data highlight the possibility that proliferating
polyploid hepatocytes engaged in a ploidy reduction mechanism may provide a reservoir of low-ploidy cells susceptible to
both LOH and CIN, two processes widely implicated in malignant transformation BB, Similarly, Lin and coworkers
highlighted the potent role of ploidy reduction in liver tumorigenesis 2. They revealed that the hyperpolyploidization of



centrilobular (CL) hepatocytes after DEN exposure was associated with the emergence of premalignant lesions in the
centrilobular region. Pathological polyploidization was induced by a mechanism of abscission failure dependent on
upregulation of the Aurora B kinase, a master regulator of the final step of cytokinesis [83l. The prevention of DEN-induced
hyperpolyploidization by the inhibition of Aurora B kinase reduced the number of preneoplastic tumor foci. Finally, as these
premalignant lesions were composed of significantly smaller hepatocytes, and multipolar mitoses, which can mediate
genome reduction, were observed in CL hepatocyte-derived tumor cells, the authors speculated that the phenomenon of
ploidy reduction sustained the transition from hyperpolyploid hepatocytes to tumor-forming cells.

Experimental studies in mouse models can provide considerable insight into the processes linking polyploidy to
tumorigenesis, as data can be obtained at both the precancerous and cancerous stages. By contrast, the opportunities for
dynamic investigations of the role of ploidy in human liver HCC are quite limited. Nevertheless, some groups have
carefully analyzed ploidy status in tumor tissues and the surrounding non-tumoral tissue in cohorts of patients with HCC of
various etiologies, to determine whether ploidy status is a potent prognostic marker of human HCC B4lZ1 \we have used
an in-situ imaging approach to evaluate ploidy status directly in human liver parenchyma 4. We first showed that, in
normal liver, hepatocyte polyploidy is mostly cellular (binucleate cells). No specific zonation of the polyploid contingent
was observed across the lobules. We found that the binucleate polyploid fraction decreased considerably during human
liver tumorigenesis, whereas the mononucleate polyploid fraction greatly increased. These results provided the first
evidence to suggest that hepatocarcinogenesis can drive a conversion from physiological cellular polyploidy to
pathological nuclear polyploidy. A decrease in the proportion of binucleate hepatocytes was observed in both the tumoral
and surrounding non-tumoral tissues, suggesting that decreases in cellular ploidy may be a good marker of human
premalignant liver parenchyma. We then carefully analyzed the nuclear ploidy profile, considering specific histological and
molecular features of HCC tumors. We observed a huge increase in the percentage of 4 n and =8 n mononucleate
hepatocytes in poorly differentiated HCC. Furthermore, taking into account the most frequent mutations in HCC, we
showed that HCCs with TP53 mutations were enriched in highly polyploid hepatocytes relative to HCCs with mutations of
the TERT promoter or CTNNB1 HCC. Finally, we found that the most aggressive HCCs, particularly those with TP53
mutations, were enriched in highly polyploid hepatocytes. Together, these results support the hypothesis that
polyploidization drives HCC development, at least in the context of TP53 mutation, and that the nuclear ploidy spectrum
can be used as a marker of HCC aggressiveness. By contrast, Sladky et al. published results suggesting that polyploidy
attenuates hepatocarcinogenesis in humans. They investigated ploidy status in HCC patients by assuming that cell
density (i.e., the number of cells per field) would be a good indicator of ploidy: lower-ploidy hepatocytes are small and
their density is high in the liver, whereas polyploid hepatocytes are large and found at lower density 183 They found
that cell density in tumoral tissue tended to be lower than that in the surrounding liver and that low ploidy levels in HCC
tumors (high cell density) were associated with better recurrence-free survival 2. The conclusions of these two studies
diverge, but the discrepancies may be explained by the functional status of TP53. Indeed, in a context of TP53 mutation,
polyploid hepatocytes may be able to undergo unrestricted proliferation and multipolar mitoses due to the presence of
supernumerary centrosomes, facilitating the emergence of genomic aberrations/CIN, rendering the tumor more
aggressive ( Figure 1 ) B4 cConversely, the presence of a functional TP53 would tend to attenuate this effect [,
Hepatocarcinogenesis is a multistep process dependent on interplay between various factors, including risk factors,
genetic factors and microenvironment factors, driving the formation of HCCs with considerable heterogeneity (81, The
assignment of a reliable and unambiguous prognostic value to ploidy status in human HCC will therefore require
additional studies carefully integrating the genetic, molecular, etiological and histological landscapes of each individual
tumor, and the heterogeneity within and between tumors.
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