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Abstract

Hepatocytes are the primary functional cells of the liver that perform essential roles in
homeostasis, regeneration and injury. Most mammalian somatic cells are diploid and contain pairs
of each chromosome, but there are also polyploid cells containing additional sets of chromosomes.
Hepatocytes are among the best described polyploid cells, with polyploids comprising more than
25% and 90% of the hepatocyte population in humans and mice, respectively. Cellular and
molecular mechanisms that regulate hepatic polyploidy have been uncovered, and in recent years,
diploid and polyploid hepatocytes have been shown to perform specialized functions. Diploid
hepatocytes accelerate liver regeneration induced by resection and may accelerate compensatory
regeneration after acute injury. Polyploid hepatocytes protect the liver from tumor initiation in
hepatocellular carcinoma (HCC) and promote adaptation to tyrosinemia-induced chronic injury.
This review describes how ploidy variations influence cellular activity and presents a model for
context-specific functions for diploid and polyploid hepatocytes.

Keywords
polyploidy; aneuploidy; liver injury; liver regeneration; hepatocellular carcinoma

A. Introduction

Cellular identity is the product of numerous characteristics influenced by developmental
stage, organ specificity, differentiation status, injury, etc. An important and frequently
overlooked aspect of cellular identity is chromosome number (“n”). Most somatic cells
contain homologous pairs of each chromosome. For example, humans have 23
chromosomes, and diploid cells (2n) have 23 chromosome pairs for a total of 46
chromosomes. There are also somatic cells with higher chromosome content: polyploid
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cells. Polyploidy refers to an increase in the sets of chromosomes beyond the diploid state.
Human polyploid cells can have 92 (tetraploid, 4n), 184 (octaploid, 8n), 368 (hexadecaploid,
16n) or even greater numbers of chromosomes. Polyploidy is frequently associated with
aberrant cell cycling and chromosomal instability associated with tumorigenesis, but
polyploidy is also found in healthy tissues, including cardiac myocytes, megakaryocytes,
giant trophoblasts, muscle and hepatocytes (reviewed inl). In fact, recent studies identified
polyploidy in cardiac interstitial cells — cells that were never associated with polyploidy —
which indicates that ploidy diversity may be more common than previously appreciated?.
Here, we focus on liver and discuss the effect of chromosome variations on hepatocyte
identity and function.

B. Chromosome variations in the liver

Diploid hepatocytes form polyploid daughters during postnatal development, a process that
has been called physiological polyploidy?. Polyploid hepatocytes, in turn, can generate
diploid daughter cells that can subsequently re-polyploidize. The ploidy state is dynamic as
hepatocytes undergo periods of polyploidization and ploidy reduction.

B1. Mechanisms of physiological polyploidization

In hepatocytes, ploidy is regulated by the number of nuclei per cell (typically one or two)
and DNA content of each nucleus: 2n, 4n, 8n, etc. (Fig. 1A)*®. Mononucleate hepatocytes
are either diploid or polyploid, depending on the DNA content of the single nucleus: diploid
(one 2n nucleus), tetraploid (one 4n nucleus), etc. Binucleate hepatocytes are always
polyploid but can be tetraploid (two 2n nuclei), octaploid (two 4n nuclei) or higher. Multiple
cellular mechanisms have been shown to induce polyploidy, including endoreplication,
mitotic slippage and cell fusion, but acytokinetic mitosis (also called cytokinesis failure) is
the dominant mechanism in healthy hepatocytes (reviewed in®). At birth, hepatocytes are
exclusively diploid and during postnatal development the first binucleate tetraploid
daughters are generated by a subset of proliferating diploid hepatocytes that undergo
acytokinetic mitosis’. These binucleate tetraploid daughter cells can then produce a pair of
mononucleate tetraploid daughters with a round of cell cycling that includes mitosis
followed by successful cytokinesis. The cycle of acytokinetic mitosis followed by traditional
mitosis continues such that in adult mice =90% of hepatocytes are polyploid and =25% of
adult human hepatocytes are polyploid (Fig. 1B)8-10. Diploid and polyploid hepatocytes are
distributed throughout the liver lobule, although transcriptomic!1:12 and mapping?2 studies
demonstrate modest enrichment of polyploids in periportal regions.

Numerous signals have been implicated in hepatic polyploidy development and are
described in comprehensive reviews elsewhere®6:14, Here, we highlight a few of the most
important pathways. First, insulin signaling changes dramatically at the suckling/weaning
transition, and this promotes AKT-dependent acytokinetic mitosis and emergence of
binucleate hepatocytes in rats’. Second, E2F7 and E2F8 are expressed maximally during
weeks one through seven of postnatal development!®. Mice with liver-specific deletion of
E2f7and E2f8 develop and function normally, but their livers are depleted of polyploid
hepatocytes'®16. E2F7 and E2F8 influence ploidy by antagonizing £271 expression and
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inhibiting pro-cytokinesis genes!®. Third, miR-122 is the most abundantly expressed
microRNA in the adult liversl’. Similar to £E2f7/E2f8 knockouts, Mir1227'~ mice are
depleted of polyploid hepatocytes, indicating that miR-122 is required for normal
polyploidizationl8. In wild-type mice (WT), miR-122 expression spikes during weeks two to
three, the period when binucleate hepatocytes expand 10-fold. miR-122 binds to seed
sequences of pro-cytokinesis genes, which antagonizes centralspindlin complex formation
and promotes cytokinesis failure. Finally, it is also important to understand how hepatocytes
can tolerate polyploid chromosome content since polyploidy in most tissues leads to cell
cycle arrest or apoptosis. For example, a p53-regulated “tetraploid checkpoint” has been
hypothesized to restrict polyploid cells1920, New work from Sladky and colleagues has
shown that supernumerary centrosomes in polyploid cells activate the PIDDosome complex,
which regulates cell cycle arrest in a p53/p21-dependent manner2122, Intriguingly,
PIDDosome members Casp2and Pidd1 are direct transcriptional targets of E2F1, further
implicating the E2F family in hepatic ploidy regulation. Collectively, hepatic polyploidy is
regulated by a complex network of signals where insulin, E2F family members and miR-122
regulate polyploidization in a temporal manner, and miR-122 acts as liver-specific driver of

polyploidy.

Ploidy reversal and aneuploidy

Hepatic polyploidy is reversible. In 2009 and 2010 our group showed that polyploid
hepatocytes could fully repopulate Fa/7/~ mouse livers over 2—3 months®23. Briefly, in this
model system, recipient mice lack FAH, a critical enzyme in the tyrosine catabolic
pathway?425, Fafr!~ mice typically die from tyrosinemia shortly after birth but are
maintained and kept healthy with the drug 2-(2-nitro-4-trifluoro- methylbenzoyl)-1,3-cyclo-
hexanedione (NTBC), which prevents accumulation of toxic intermediates in tyrosine
catabolism?6. FAH+ hepatocytes are transplanted intrasplenically or through the portal vein,
and a subset of donor cells engraft in the liver. When NTBC is removed, the donor
hepatocytes have a selective advantage and can proliferate extensively to fully repopulate the
liver with FAH+ healthy hepatocytes. In our experiment, purified wild-type (WT) octaploid
hepatocytes were isolated by fluorescence activated cell sorting (FACS) and transplanted
into Fat!~ recipients®. During 500-1,000-fold expansion, proliferating octaploid
hepatocytes produced octaploid and hexadecaploid daughters, as expected, but surprisingly
also produced lower ploidy daughters with tetraploid and diploid chromosome content. In
2020, utilizing an elegant lineage tracing approach, Matsumoto and colleagues demonstrated
ploidy reversal by single polyploid hepatocytes /n vivo followed by re-polyploidization
during liver repopulation2”. Moreover, they demonstrated ploidy reversal after liver injury
induced by carbon tetrachloride, thioacetamide and 3,5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC), suggesting that ploidy reversal occurs during compensatory
hepatocyte proliferation. The cycle of polyploidization, ploidy reversal and re-
polyploidization is called the ploidy conveyor (Fig. 1C)%:14.27.

The mechanism by which polyploid hepatocytes undergo ploidy reversal involves multipolar
cell division. Polyploid hepatocytes have multiple centrosomes during mitosis (e.g., four
centrosomes per tetraploid cell, eight centrosomes per octaploid cell). Proliferating
hepatocytes /n vitro and /n vivo form multipolar spindles that in some cases lead to three- or
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four-way nuclear segregation, permitting a single tetraploid hepatocyte, for example, to
produce up to four diploid daughters®:°. One of the consequences of having multiple
spindles during mitosis is chromosome segregation errors leading to partial or whole
chromosome gains and/or losses and emergence of aneuploid hepatocytes. The frequency of
aneuploid hepatocytes in healthy livers has been the subject of intense debate. We originally
described chromosome segregation errors and aneuploidy in healthy mouse and human
hepatocytes in 2009-2012 using metaphase cytogenetic G-banding analysis where isolated
donor hepatocytes are cultured briefly, arrested in metaphase and the first dividing
hepatocytes are karyotyped.8:9:20.23 Karyotypes of >600 mouse hepatocytes revealed that
half of adult hepatocytes are aneuploid, with all chromosomes equally affected!8:28.29, |n
2014, Knouse et al. performed single-cell DNA sequencing on hepatic nuclei and found 5%
of the sequenced hepatocytes were aneuploid3?, an observation that was recently confirmed
by a separate group?2. A study in 2018 observed low aneuploidy in hepatocytes with normal
tissue organization and cell polarity, but chromosome segregation errors were elevated in
hepatocytes dividing in vitro®L. It was hypothesized that disrupted tissue architecture
increased chromosome segregation errors by dividing polyploid hepatocytes, leading to
aneuploid daughter cells3L. This concept is further supported by Matsumoto and colleagues
where lineage tracing showed that multipolar divisions and marker loss by polyploid
hepatocytes occurred rarely in vive?”. The idea that normal tissue architecture ensures
chromosome segregation fidelity in dividing hepatocytes could explain why metaphase
cytogenetic analysis, which involves brief /n vitro culturing, reveals a higher percentage of
aneuploid hepatocytes. Thus, the degree of hepatic aneuploidy is much lower than 50% and
is likely in the range of 2-5%. Considering the large number of hepatocytes per liver (e.g.,
hundreds of millions in humans), it stands to reason that there are millions of hepatocytes
with random chromosome gains and/or losses.

C. Chromosome variations in liver regeneration, cancer and chronic injury

Polyploidy was recognized in regenerating liver in the early 1900s, most likely because of
the ease in detecting binucleate hepatocytes in sections of liver tissue32. Over the last two
decades, the liver field has finally begun to delineate specialized functions of diploid and
polyploid hepatocytes during liver regeneration and injury.

C1. Polyploidy in Liver Regeneration

The liver has an extraordinary capacity to regenerate, which is best illustrated by the
response to partial hepatectomy (PH) involving 2/3 surgical removal of liver33:34, In mice,
mature hepatocytes in the remaining liver tissue undergo one to two cell divisions to restore
liver mass after one week34. Polyploid hepatocytes were originally considered to be
terminally differentiated with low proliferative potential3>36, but more recent studies have
shown that polyploid hepatocytes contribute to liver regeneration induced by PH37. Liver
repopulation studies in the 2/~ model have shown extensive /7 vivo proliferation by
polyploid hepatocytes®26.29.38_QOnly recently, head-to-head comparisons of regenerative
capacity have revealed differences between ploidy subsets.
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First, our group investigated repopulation capacity using competitive transplantation in the
Fal’= model system. Genetically marked diploid and octaploid hepatocytes from WT
donors were mixed and transplanted into Fa/'~ recipients®. Complete liver repopulation
involves up to eight rounds of cell division by each donor cell, therefore a cell population
with proliferative advantage would out-compete a disadvantaged cell population.
Surprisingly, after complete liver repopulation, the ratio of donor-derived hepatocytes
matched the ratio of input cells. For example, in Fa#~/~ mice transplanted with a hepatocyte
mixture (10% diploid and 90% octaploid), donor-derived cells remained in the same ratio
after repopulation (10% donor-derived diploids and 90% donor-derived octaploids). These
results suggested that diploid and octaploid hepatocytes proliferate equivalently. Consistent
with this finding, genetically marked diploid and polyploid hepatocytes formed clones of
equivalent size after chemical-induced liver injury, indicating similar repopulation
potential2’. However, direct comparison of long-term proliferation by each population is
problematic because of the ploidy conveyor where hepatocytes can change their ploidy
during cell division (with diploid hepatocytes becoming polyploid and polyploid hepatocytes
becoming diploid).

Secondly, to avoid the dynamic changes in ploidy associated with the ploidy conveyor,
competitive repopulation experiments were performed with £2f7/E2f8-deficient
hepatocytes?®. As discussed earlier, liver-specific deletion of £2f7and E2f8largely blocks
polyploidization such that approximately 80% of hepatocytes are diploid and 20% are
polyploid, ratios that are stable during aging and liver regeneration. E2f7/E2f8-deficient
(mostly diploid) and WT hepatocytes (mostly polyploid) were co-transplanted into Fa//~
mice. In every case, the £2f7/E2f8-deficient hepatocytes massively out-competed WT
hepatocytes, suggesting that stably diploid hepatocytes maintain a robust proliferative
advantage. Finally, to avoid potential off-target effects associated with £2f7/E2f8 deletion,
ploidy subsets were tracked during PH-induced liver regeneration in WT mice2®.
Hepatocytes were harvested at defined intervals after PH and their ploidy and cell cycle
status measured. Diploid hepatocytes were found to enter the cell cycle earlier and complete
the cell cycle faster than polyploids, while polyploid hepatocytes progressed through the cell
cycle after a delay. These results have been confirmed by others3?, and it has been suggested
that elevated p21 expression by polyploid hepatocytes restricts or delays their
proliferation?2. Taken together, the extent by which ploidy affects hepatocyte proliferation
varies depending on the regenerative demand. During long-term proliferation (e.g., liver
repopulation by cell therapy, chronic liver damage), diploid-derived and polyploid-derived
hepatocytes have equivalent proliferative capacity, and this is likely due to the ploidy
conveyor. In contrast, during short-term proliferation (e.g., early liver regeneration) diploid
hepatocytes have an initial proliferative advantage.

C2. Polyploidy in Liver Cancer

Hepatocellular carcinoma (HCC) is the most common form of liver cancer in the world0.
Considering the wealth of evidence that polyploidy is associated with increased disease
severity in cancers, it is tempting to hypothesize that hepatic polyploidy contributes to HCC
formation#l. However, it has been well documented that HCCs in patients and rodent models
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are enriched with diploid hepatocytes, suggesting that diploid hepatocytes are dominant
drivers of HCC and that polyploidy may actually protect the liver from tumorigenesis*2-44.

Recent work has identified polyploidy-specific mechanisms for HCC protection. Zhang and
colleagues used a “tunable” system to modulate ploidy#°. They generated livers with high-
degree hepatic polyploidy by deletion of An/nand livers with minimal polyploidy by £2f8
deletion. Mice were treated with the tumor initiator diethylnitrosamine (DEN) and HCC
formation was monitored. Consistent with another report#6, £2f8-deficient mice with mostly
diploid livers were highly susceptible to HCC formation and formed abundant tumors. In
contrast, An/n-deficient mice with highly polyploid livers developed few, if any, tumors. To
elucidate a mechanism for tumor resistance by polyploid hepatocytes, the authors focused on
ploidy-specific effects associated with oncogenes and tumor suppressor genes (TSG). Mice
with mostly diploid or polyploid livers were equally sensitive to overexpression of the
oncogene MYC. However, TSG loss revealed striking differences in each mouse model.
Inactivation of one copy of a TSG, such as Pfenor Apc, in a diploid cell led to loss-of-
heterozygosity (LOH) and increased transformation potential. In polyploid hepatocytes,
additional chromosome sets effectively provided backup copies of TSG to compensate for
LOH. Thus, polyploidy acts as a buffer that protects hepatocytes from transformation and
tumorigenesis, specifically in the context of TSG loss. Our group also compared HCC
formation in WT and E2f7/E2f8-deficient mice using the DEN and phenobarbital model for
HCC induction and expansion, respectively?9. Compared to WT mice with mostly polyploid
livers, E2f7/E2f8-deficient mice with mostly diploid livers formed tumors as early as three
months and developed extensive tumor burden by nine months, suggesting that diploid
hepatocytes are immediate drivers of tumor growth. Although never proven, this concept is
supported by liver regeneration studies (described in section C1) where proliferating diploid
hepatocytes outperform slower cycling polyploids. Collectively, recent studies indicate that
the polyploid state could provide protection from tumorigenesis through multiple
mechanisms — by providing extra TSG copies during LOH and restricting hepatocyte
proliferation. It is important to emphasize that these studies were performed with genetic
models involving highly diploid and highly polyploid livers, which makes it difficult to
distinguish between ploidy-specific effects and gene-specific effects (e.g., altered hepatocyte
function resulting from An/nor E2f7/E2f8 deletion). Future work should directly address
the oncogenic potential of WT diploid and polyploid hepatocytes.

Despite observations that HCCs are comprised of diploid hepatocytes, Desdouets and
colleagues recently found the opposite in a cohort of 75 HCC patients'®. Careful analysis
revealed the HCCs were enriched with mononuclear polyploid hepatocytes, which correlated
with poor differentiation, increased inflammation, p53 mutation and increased expression of
proliferation genes. Hence, the role of polyploid hepatocytes in HCC progression is complex
and likely depends on other genetic drivers.

While acytokinetic mitosis is the dominant mechanism leading to polyploid hepatocyte
formation in healthy liver, polyploid hepatocytes are also formed by heterotypic cell fusion
of hepatocytes and myelomonocytic blood cells234748 Studies in mice have shown fusion
events affect approximately 0.001% of hepatocytes*?, and in humans fusion-derived
hepatocytes have also been observed, albeit rarely®°. Transplantation of WT bone marrow
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into lethally irradiated ~a/7/~ mice leads to formation of fusion-derived hepatocytes that
acquire FAH and proliferate extensively when tyrosinemia is induced by NTBC
withdrawal2347:48_ Intriguingly, most fusion-derived hepatocytes are aneuploid, as detected
by metaphase cytogenetic analysis23. Fusion-derived cells have been implicated in a variety
of diseased tissues, including the intestine5! and breast cancer cells®2, and fusion hybrids
were recently shown to correlate with patient survival®3. The role of fusion-derived
hepatocytes in HCC remains to be examined. Thus, future studies are necessary to build a
comprehensive picture of hepatic ploidy populations and fusion-derived hepatocytes in HCC
pathogenesis.

C3. Polyploidy during chronic liver injury

Chronic liver injury induced by various insults has been associated with alterations in
hepatic ploidy in humans and rodents. One study found that polyploid hepatocytes exhibited
higher infection rates of the malaria parasite Plasmodium than diploids, indicating that
Plasmodium parasites preferentially infected polyploid hepatocytes®. Other studies have
looked at the relationship between liver polyploidy and Hepatitis B (HBV) and Hepatitis C
viral infections (HCV). Reductions and increases in hepatic polyploidy have been observed
in patients with hepatitis infections, making it unclear if polyploidy contributes to disease
progression or resistance. Moreover, many of these patients have other liver complications,
including cirrhosis and HCC, making it difficult to disentangle the ploidy phenotypes strictly
related to hepatitis infection*25556, Hepatic polyploidy has also been shown to be higher in
livers affected by metabolic overload. Madra et al. observed increased levels of polyploidy
in mice administered high doses of iron°’. Additionally, it was seen that Long Evans
Cinnamon rats, which accumulate copper in the liver due to a genetic defect in a copper
transporter gene, had increased hepatic polyploidy®®. As certain diseases and disorders are
characterized by hepatic accumulation of iron (thalassemias, hereditary hemochromatosis
and chronic blood transfusion)®® and copper (Wilson’s disease)®, it is important that studies
investigate the relationship between polyploidy and metabolic overload.

Polyploidy levels have also been shown to increase in response to metabolic and oxidative
stress. Gentric et al. observed increases of hepatic polyploidy in mouse models of
nonalcoholic fatty liver disease (NAFLD) and patients with nonalcoholic steatohepatitis
(NASH)3. Cell cycle analysis demonstrated a significant increase in polyploid hepatocytes
and tissue microscopy showed dramatic enrichment for mononucleate cells with high
nuclear content. They termed this unique ploidy distribution pathological polyploidy, which
contrasts with physiological polyploidy that increases throughout postnatal development and
is defined predominantly by binucleate hepatocytes. The authors identified oxidative damage
as the primary driver of these ploidy changes. NAFLD induces oxidative damage in
hepatocytes, which leads to DNA damage response and cell cycle arrest. As a result,
hepatocytes undergo atypical cell cycles where they replicate DNA, transiently arrest in G2,
skip mitosis and re-enter the cell cycle. This pattern repeats with mononucleate polyploid
hepatocytes becoming even more highly polyploid. The function of these highly polyploid
hepatocytes in fatty liver disease is currently unknown, and it remains to be determined
whether they contribute to disease progression or resistance®?.
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C4. Aneuploidy and resistance to chronic liver injury

The frequency of aneuploid hepatocytes with random chromosome gains and/or losses has
been the subject of much debate (section B2). The newest estimates using single-cell DNA
sequencing indicate low-level aneuploidy is common, affecting <5% of hepatocytes2230, A
major unanswered question is how this diverse “background” aneuploidy affects liver
function814.18.28.30.62 \\e previously demonstrated that aneuploidy can be protective in
chronic liver injury?8. During chronic tyrosinemia in Hga*/~ Fah'~ mice, livers were
spontaneously repopulated by injury-resistant endogenous hepatocytes that clonally
expanded. Chromosome analysis revealed that aneuploid hepatocytes with whole or partial
loss of Chromosome 16 accounted for half of the regenerating nodules. Thus, in this model
system, pre-existing aneuploid hepatocytes lacking Chromosome 16 had a profound
selective advantage during chronic tyrosinemia injury. These disease-resistant hepatocytes
proliferated extensively over several months to repopulate the diseased liver while
simultaneously maintaining normal liver function and preventing liver failure. Consistent
with these observations, very recently, we observed E2f7/E2f8-deficient mice lacked
aneuploidy and were susceptible to liver failure and death when bred onto the Hgd*'~ Fat’-
background, which is likely caused by an inability to adapt via this aneuploidy
mechanism63,

Aneuploidy and liver adaptation may also play a role in human liver disease, notably HCV
infection. HCV is a major health issue, leading to fibrosis and cirrhosis and at times
progressing to liver cancer, liver failure and death84-57. Studies have shown HCV often
disrupts the expression of genes, including tight junction proteins Claudin-1 and Occludin,
that regulate hepatocyte cell polarity and liver tissue architecture58-70, Considering that
disrupted tissue architecture promotes chromosome segregation errors and aneuploidy31, it is
likely that HCV-infected livers have elevated numbers of aneuploid hepatocytes. Notably,
several groups observed 25-50% of pre-neoplastic macroscopic nodules from HCV-infected
cirrhotic livers were monoclonal’1~73, suggesting they derived from a single cell with a
survival advantage. This raises the question of whether aneuploid karyotypes can help
hepatocytes resist disease, such as HCV infection, and proliferate in a clonal manner to aid
liver regeneration. In the future, it will be important to determine if unique aneuploid
karyotypes, involving particular chromosome gains/losses, are associated with specific liver
diseases and injuries.

D. A model for context-specific functions for diploid and polyploid
hepatocytes

Findings from many laboratories have clearly demonstrated that diploid and polyploid
hepatocytes perform specialized roles. We propose a model wherein ploidy populations
differentially affect disease progression in three areas: cancer, acute injury and chronic
injury (Fig. 2). First, in HCC, diploid hepatocytes are major drivers of HCC progression,
which is supported by the observation that most HCC in rodents and patients are diploid
enriched?2-44, although there are important exceptions!?. Diploid hepatocytes are sensitive
to TSG LOH, and once transformed, can proliferate quickly?245. In contrast, polyploid
hepatocytes with double (or more) gene copies are buffered from TSG loss and limit HCC
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initiation. The protective effect of polyploid hepatocytes may be most impactful in mice
where >90% of hepatocytes are polyploid. At least 25% of hepatocytes are polyploid in
humans, so their protective effect in patient HCC may be reduced (Fig. 1B). Secondly,
diploid hepatocytes play a dominant role after acute injury such as surgical removal of liver
tissue2%:39. In response to proliferative cues, diploid hepatocytes proliferate earlier and faster
than polyploids, indicating that diploids are the immediate drivers of liver regeneration. We
hypothesize that diploids also drive compensatory proliferation after acute insults, such as
drug-induced liver injury. For example, in the case of acetaminophen overdose involving
extensive centrilobular hepatocyte death, the liver undergoes compensatory proliferation and
recovers when the ratio of regenerating cells to necrotic cells is high”. Proliferation by
diploid hepatocytes in early stages of compensatory proliferation likely tips the ratio toward
“regeneration” and facilitates liver healing. The role of hepatic ploidy populations in drug-
induced injury requires investigation. Finally, diploid and polyploid hepatocytes both
perform critical functions during chronic liver injury. Proliferating polyploid hepatocytes
undergo nuclear segregation errors to generate aneuploid daughters at low frequency,
indicating that polyploid hepatocytes serve as cellular intermediates to promote
aneuploidy89:22.30.63 After long-term tyrosinemia injury in mice, a subset of injury-resistant
aneuploid hepatocytes (likely diploid hepatocytes derived by ploidy reversal) undergo clonal
expansion to repopulate the liver and maintain function?®. A similar process may also occur
in HCV patients with clonal, healthy hepatic nodules’1~73. However, it is also possible that
clonal expansion by aneuploid hepatocytes can exacerbate chronic disease, such as cirrhosis
and HCC (reviewed in34), although aneuploid hepatocytes were rarely found in cirrhotic
liver nodules from five HCC patients’>.

In summary, the development of novel therapies to improve liver health and treat disease
requires a better understanding of liver function and regeneration. Chromosomal variations
play a role in liver pathophysiology where diploid hepatocytes drive immediate liver
regeneration through rapid proliferation and polyploids guard against liver tumorigenesis
while also facilitating adaptation to chronic liver injury via aneuploid intermediates.
Progress in liver therapy innovation and design hinges on our ability to elucidate the
mechanisms driving liver homeostasis and regeneration, incorporating all facets of liver
function and physiology, and ultimately deriving treatment stratagems that improve patient
health and well-being.
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Main Concepts and Learning Points
1 Polyploid hepatocytes are common in human and rodent livers.

2. Polyploidy is reversible — proliferating polyploid hepatocytes can generate
diploid daughter cells.

3. Diploid and polyploid hepatocytes perform specialized roles in cancer,
regeneration and injury response.

4, A comprehensive understanding of hepatic polyploidy is lacking, and
additional studies will determine how chromosome variations contribute to
liver homeostasis and disease.
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Figurel.
Diploidy and polyploidy in the liver. (A) Diploid hepatocytes have a single nucleus with 2n

chromosome content. Polyploid hepatocytes are mono- or binucleate and can have
tetraploid, octaploid or higher overall chromosome content. (B) The degree of polyploidy
increases with age. The percentage of diploid, tetraploid and octaploid hepatocytes is shown
for 14-, 21- and 120-day-old mice818:29 and adult humans?C. (C) The ploidy conveyor
model incorporates hepatic polyploidization, ploidy reversal and re-polyploidization.
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Type Ploidy Impact Ploidy-Specific Function
Diploid Hepatocytes Polyploid Hepatocytes
Cancer Polyploid * LOH sensitivity * LOH resistance: extra chr
Protection 3 * Rapid proliferation potential buffer TSG loss
Diploid . . .
» Reduced proliferation potential
Acute Injury o * Rapid cell cycle entry permits * Delayed cell cycle entry
Examples: Diploid fast liver regeneration + Slow compensatory response
Liver resection, Polyploid * Primary driver of early compen- after drug injury?
drug-induced satory proliferation after drug
liver injury injury?
* Unlikely to spontaneously  Chr segregation errors by
Chronic Injury Polyploid generate aneuploids polyploids generate randomly
Examples: v . + Aneuploid diploid hepatocytes aneuploid hepatocytes
Tyrosinemia, Aneuploid (arising via ploidy reversal) may  « Chr-specific aneuploidy confers
HCV, DiP'% drive disease-resistant clonal injury resistance
NAFLD expansion « Clonal expansion by resistant,
healthy aneuploid hepatocytes
Figure2.

Context-specific roles for diploid and polyploid hepatocytes in acute injury, chronic injury
and cancer. “Ploidy Impact,” represented by scales, indicates the relative importance of each
ploidy population. “Ploidy-Specific Function” for diploid and polyploid hepatocytes is
highlighted blue (major contribution) or pink (minor contribution). Abbreviations: loss-of-
heterozygosity, LOH; chromosome, chr; tumor suppressor gene, TSG; hepatitis c virus,
HCV; non-alcoholic fatty liver disease, NAFLD.
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