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Ploidy State as a Determinant of Hepatocyte Proliferation Wilson, Duncan

The liver’s unique chromosomal variations, including polyploidy and aneuploidy,
influence hepatocyte identity and function. Among the most well-studied mammalian
polyploid cells, hepatocytes exhibit a dynamic interplay between diploid and polyploid
states. The ploidy state is dynamic as hepatocytes move through the “ploidy conveyor,”
undergoing ploidy reversal and re-polyploidization during proliferation. Both diploid
and polyploid hepatocytes actively contribute to proliferation, with diploids demon-
strating an enhanced proliferative capacity. This enhanced potential positions diploid
hepatocytes as primary drivers of liver proliferation in multiple contexts, including
homeostasis, regeneration and repopulation, compensatory proliferation following
injury, and oncogenic proliferation. This review discusses the influence of ploidy
variations on cellular activity. It presents a model for ploidy-associated hepatocyte
proliferation, offering a deeper understanding of liver health and disease with the

= ploidy conveyor

Lay Summary

Hepatocytes, the primary functional cells of the liver, are
characterized by variations in nuclear content. Most
hepatocytes have single pairs of each chromosome (diploid
hepatocytes), but many have extra chromosome sets
(polyploid hepatocytes). The function of diploid and
polyploid hepatocytes is poorly understood. However,
recent work demonstrated that both diploid and polyploid
hepatocytes contribute to liver growth and regeneration,
butdiploids are capable of accelerated growth. Thus, diploid
hepatocytes play a dominant role in liver maintenance

(as they replace aging cells), replacement of damaged
hepatocytes after injury, and even in the development of
liver cancer. Deciphering how diploid and polyploid
hepatocytes are regulated and function is essential for
developing new therapies for liver disease treatment.

Chromosome Variations in the Liver

Cellular ploidy refers to the number of complete chromosome
sets in a cell. Most mammalian cells are diploid and contain
homologous pairs of each chromosome, but there are also cells
with higher chromosomal content. Polyploid cells have in-
creased sets of chromosomes beyond the diploid state. In
humans, diploid cells (2n) have 23 chromosome pairs for a
total of 46 chromosomes, while polyploid cells can have 92
(4n, tetraploid), 184 (8n, octaploid), or even greater numbers of
chromosomes. Polyploidy is frequently associated with geno-
mic instability and cancer but is also found in healthy mam-
malian tissues, including cardiac myocytes, megakaryocytes,
giant trophoblasts, skeletal muscles, and hepatocytes.' Poly-
ploidy is distinct from numerical aneuploidy, where a cell loses
or gains individual chromosomes (2n+ 1). Whole-organism
aneuploidy is typically detrimental, impairing development

potential to uncover novel treatment approaches.

and function, but somatic aneuploidy is more complex. While
aneuploidy is considered a hallmark of cancer, there are
exceptions.*® For example, aneuploidy is associated with
tumor suppression in fibroblasts from individuals with Down’s
Syndrome through reduced proliferation.>” Thus, the conse-
quences of polyploidy and aneuploidy depend on the mecha-
nism of formation and tissue type.

Hepatocytes are characterized by remarkable chromosom-
al variations that include polyploidy and aneuploidy. Polyploi-
dy was recognized in the liver over a century ago, and
hepatocytes have since emerged as some of the best-charac-
terized mammalian polyploid cells.® The liver is highly poly-
ploid, with polyploid hepatocytes comprising more than 90%
of the hepatocyte population in adult mice and 25 to 50% in
humans.>'® Numerical aneuploidy is also observed in liver
tissue, where 5 to 50% of hepatocytes are aneuploid, depending
on how aneuploidy is measured, in healthy mouse and human
liver tissues.'’"'2 Notably, this hepatic aneuploidy randomly
affects all chromosomes, generating a genetically diverse
population.’? Chromosomal variations have a wide-ranging
impact on hepatocyte identity and function.'?'3 Several re-
cent and extensive reviews describe the mechanisms of he-
patic polyploidy and the functions of ploidy populations in
homeostasis and disease.'*" This review will focus primarily
on the distinct roles of diploid and polyploid hepatocytes
during homeostasis and regeneration.

Mechanisms of Hepatocyte Control

The Ploidy Conveyor

Hepatic polyploidy is classified by the DNA content per nucleus
(nuclear ploidy) and the number of nuclei per cell (cellular
ploidy).15 For example, a tetraploid cell could have a single 4n
nucleus or two 2n nuclei (=Fig. 1). Polyploidization occurs by
several cellular mechanisms, including endoreplication, mitotic
slippage, and cellular fusion, but physiological polyploidization
of hepatocytes predominately occurs by acytokinetic mito-
sis.'>~17 Hepatocytes are exclusively diploid at birth and under-
go gradual physiological polyploidization during postnatal
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Fig. 1 The ploidy conveyor model of hepatocytes. Diploid hepato-
cytes are mononucleate with a single 2n nucleus. Polyploid hepato-
cytes can be mono- or binucleate, where tetraploids have a pair of 2n
nuclei or a single 4n nucleus, octaploids have a pair of 4n nuclei or a
single 8n nucleus, and so on. The ploidy conveyor model incorporates
hepatic ploidy flexibility as hepatocytes proliferate. Acytokinetic cell
division increases hepatic ploidy (physiological polyploidization),
while multipolar cell division reduces hepatic ploidy (ploidy reversal).

development. First, a subset of proliferating diploid hepatocytes
fail to complete cytokinesis, producing binucleate tetraploid
daughter cells.®'® Second, both the mono- and binucleate
subsets of hepatocytes will continue to undergo DNA replication
and mitosis, either with complete cytokinesis (generating
mononucleate diploid or polyploid cells) or with acytokinetic
mitosis (generating binucleate polyploid cells). This way,
diploid, tetraploid, octaploid, and even higher ploidy state
hepatocytes are produced, with polyploid hepatocytes exist-
ing in mononucleate and binucleate forms. Hepatic polyploidy
is also reversible, where polyploid hepatocytes produce
daughter cells with one-half ploidy that can subsequently
re-polyploidize.>>?° The process of hepatic polyploidization,
ploidy reversal, and re-polyploidization is described as the
“ploidy conveyor” (~Fig. 1).%

Physiological Polyploidization and Ploidy Reversal

Hepatic polyploidization begins during postnatal develop-
ment, coinciding with the weaning phase in rodents.>? This
period is characterized by significant shifts in feeding patterns,
alterations in hormone levels, and changes in metabolic path-
ways that impact key polyploidization regulators. For example,
insulin signaling changes dramatically during weaning and is a
key factor in generating binucleate hepatocytes.?> In rats,
impaired insulin signaling reduced the formation of binucleate
tetraploid hepatocytes, while increasing insulin increased the
formation of tetraploid hepatocytes.?>?3 The cellular effects of
insulin are mediated by the PI3K/AKT pathway, which antago-
nize RHOA and negatively regulate actin cytoskeleton polari-
zation (=Fig. 2A). Also, highly expressed during postnatal
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development, E2F7 and E2F8 are transcription factors influ-
encing polyploidization through cell cycle regulation. Specifi-
cally, E2F7 and E2F8 antagonize E2F1 and negatively regulate
cytokinesis genes; thus, loss of E2F7 and E2F8 promotes
successful cytokinesis of proliferating diploid hepato-
cytes.2*%> Mice with a liver-specific double knockout of E2f7
and E2f8 have livers that exhibit normal function through 6 to
9 months but are significantly depleted of binucleate and
polyploid hepatocytes.z“‘27 MicroRNAs (miRNAs) are another
regulator of hepatocyte polyploidization. miR-122 is the most
abundant miRNA in adult livers, with expression in mice
spiking during postnatal development. miR-122 affects poly-
ploidization by negatively regulating procytokinesis genes
(RhoA, Maprel, and Iqgap1), which impairs the formation of
the centralspindlin complex and inhibits cytokinesis.zs'29
Mir122 knockout mice are significantly depleted of polyploid
hepatocytes.29 Hepatocyte polyploidization is also regulated
by the PIDDosome complex. The PIDDosome is a multiprotein
complex activated by extra centrosomes in polyploid cells that
induces p21 and restricts proliferation and hyperpolyploid-
ization.'*39-32 The absence of the PIDDosome leads to unre-
strained polyploidization and hyperpolyploidy, interestingly
contributing to tumor resistance.>2 Finally, several other genes
have been associated with altered cell cycle regulation and
changes in hepatocyte ploidy (Fox03, Cdk1, etc.), but their roles
in liver polyploidization are poorly defined.3334

Multiple overlapping pathways define the networks regu-
lating polyploidy. For instance, the actin cytoskeleton (specifi-
cally RHOA) is destabilized by insulin and miR-122
activity.zg'35 The centralspindlin complex, necessary for cyto-
kinesis, is inhibited by miR-122 and E2F7/E2F8 signaling.z“'29
Similarly, the expression of PIDDosome complex members,
Pidd1 and Casp2, is negatively regulated by E2F7 and E2F8.3°

In contrast to physiological polyploidy, the signals regu-
lating ploidy reversal are poorly defined.®'”-2 Polyploid
hepatocytes have extra centrosomes and form multipolar
mitotic spindles early in mitosis. Centrosomes typically
cluster to produce bipolar mitosis with two-way nuclear
segregation. However, in some cases, the multipolar spindle
persists, leading to multipolar cell division and the genera-
tion of daughter cells with one-half DNA content. For exam-
ple, multipolar cell division by a tetraploid hepatocyte can
form more than two nuclei, including those with diploid or
near-diploid content, and successful cytokinesis generates
diploid daughter hepatocytes (=Fig. 2B).

In summary, hepatocyte ploidy is incredibly dynamic.
Physiological polyploidization primarily occurs through acy-
tokinetic mitosis regulated by a complex network, including
E2F family members, miR-122, and PIDDosome signaling.
Ploidy reversal occurs by multipolar cell division of a poly-
ploid hepatocyte, leading to the birth of diploid hepatocytes.
The integration of physiological polyploidization and ploidy
reversal is discussed below.

Pathological Polyploidization

An excessive accumulation of hepatic polyploidy has been
linked to metabolic and oxidative stress. Mouse models of
nonalcoholic fatty liver disease (NAFLD) and patients with
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Fig.2 Mechanisms of hepatic polyploidization and ploidy reversal. (A) Physiological polyploidization begins when a hepatocyte completes a cell
cycle without cytokinesis, generating a binucleate cell. The formation of a binucleate tetraploid hepatocyte by a diploid hepatocyte is shown.
This process is requlated by multiple networks, including insulin, miR-122, and E2F7/E2F8 that disrupt contractile ring formation, furrow
ingression, and abscission. For example, RHOA, which promotes cleavage furrow ingression, is inhibited by insulin and miR-122. Similarly,
miR-122 and E2F7/E2F8 inhibit the centralspindlin complex (comprised of ECT2, RACGAP1, and KIF23) that requlates cleavage furrow ingression
and abscission. Once formed, polyploid hepatocytes have supernumerary centrosomes. Supernumerary centrosomes activate the PIDDosome,
resulting in p21 expression and attenuating hyperpolyploidization and proliferation. (B) Ploidy reversal occurs when a polyploid hepatocyte
undergoes multipolar mitosis to generate daughter cells with reduced nuclear content. In the example shown, a tetraploid hepatocyte
(mononucleate or binucleate) progresses through the cell cycle with a bipolar mitosis to generate two tetraploid nuclei. Successful cytokinesis
produces two mononucleate tetraploid hepatocytes, while cytokinesis failure generates a single binucleate octaploid. In contrast, multipolar
mitosis (three-way nuclear segregation is shown, but four-way segregation is possible) generates three nuclei. Successful cytokinesis produces
two diploid (or near-diploid) hepatocytes and a mononucleate tetraploid (or near-tetraploid) hepatocyte. Cytokinesis failure produces one or
more polyploid hepatocytes. Signals that control hepatic multipolar cell division are poorly described. (C) Pathological polyploidy occurs by
altered cell cycling when a hepatocyte alternates between the growth phase (G) and DNA synthesis (S) without mitosis. Signals regulating
pathological polyploidy are poorly defined. However, oxidative stress-induced DNA damage can inhibit the CyclinB1/CDK1 complex and block
mitosis entry, leading to successive rounds of G and S phases, forming mononucleate hepatocytes with highly polyploid nuclei.
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nonalcoholic steatohepatitis exhibit increased levels of poly-
ploid hepatocytes and significant enrichment in mononucle-
ate cells with high nuclear content.>” This distinctive ploidy
distribution, termed pathological polyploidy, contrasts with
physiological polyploidization that occurs during postnatal
development. Oxidative damage is the primary driver of
ploidy alterations in NAFLD. Hepatic oxidative damage
results in a DNA damage response and inhibition of the
CyclinB1/CDK1 complex, which is necessary for mitosis entry
(=Fig. 2C). As a result, hepatocytes undergo atypical cell
cycles where they replicate DNA, transiently arrest in G2,
skip mitosis, and then re-enter the cell cycle. This cycle
repeats, causing mononucleate polyploid hepatocytes to
become even more polyploid. The function of these highly
polyploid hepatocytes is uncertain, and further investigation
is needed to establish whether they contribute to disease
progression or resistance.’’

Ploidy and Liver Function

Spatial Organization

In addition to their nuclear heterogeneity, hepatocytes have
diverse functions. The liver is organized into repeating
hexagonal liver lobules divided into three zones based on
their orientation around the vessels.®#! Blood enters the
tissue via the portal tract (periportal region =zone 1), flows
through the liver sinusoids in the midzone region (zone 2),
and drains into the central vein (pericentral region = zone 3),
creating a gradient of oxygen, nutrients, and hormones that
allows hepatocytes in different zones to have unique gene
expression patterns and functions. For example, hepatocytes

Wilson, Duncan

in the oxygen and nutrient-rich environment of zone 1
perform metabolic functions like beta-oxidation, gluconeo-
genesis, urea and protein synthesis, and lipid metabolism.
Zone 2 serves as a primary source for new hepatocytes
during homeostasis and regeneration.42 Finally, hepatocytes
in zone 3 perform glycolysis, xenobiotic biotransformation
reactions, and glutamine synthesis.*>~*4 Since the expression
of many hepatocyte-specific genes is restricted to certain
zones, the spatial distribution of diploid and polyploid
hepatocytes may provide clues to their specialized functions.

Multiple studies have examined the distribution of ploidy
populations within the liver lobule, but the conclusions vary
widely (=Table 1). First, Tanami et al investigated the loca-
tion of diploid and polyploid hepatocytes within the liver
lobule. The ploidy state was determined by chromosome
counting with DNA fluorescence in situ hybridization (FISH)
along with membrane staining to distinguish mono- and
binucleate cells. The location of each cell was determined
based on the proximity to the central vein. Rapid polyploid-
ization was observed 3 to 4 weeks after birth with enrich-
ment of polyploids in the midlobule zone.** Second, Katsuda
et al evaluated gene expression of zonal markers in rat
hepatocytes separated by ploidy and performed bulk micro-
array analysis and single-cell quantitative reverse-transcrip-
tion polymerase chain reaction (sc-qRT-PCR).*®*’ They
found genes associated with zone 3 (Glul, Cyp7al, Slc1a2)
were enriched in diploid hepatocytes. In contrast, zone 1
(Alb, G6pc, Tat) genes were more highly expressed by poly-
ploids, suggesting that diploid and polyploid hepatocytes
localize to pericentral and periportal areas, respectively.
Third, ploidy and zonation were investigated at the nuclear

Table 1 Conflicting reports of the zonal distribution of diploid and polyploid hepatocytes

Report Species | Age Tissue Processing Ploidy determination Zonation Finding
determination
Tanami et al*® | Mouse | 2 mo Liver sections Chromosome counting by | Proximity to Zone 3 | Polyploid hepatocytes
(frozen) DNA FISH and membrane | (central vein) enriched in Zone 2
staining
Katsuda et al*® | Rat 5to 14 wk | Hepatocytes isolated | FACS-isolation of diploid, | Expression of zonal Polyploid hepatocytes
from digested liver tetraploid, and octaploid | genes using bulk enriched in Zone 1;
hepatocytes microarrays and diploid hepatocytes
scqRT-PCR enriched in Zone 3
Richter et al*® | Mouse 3 mo Nuclei from frozen FACS-isolation of diploid Expression of zonal Tetraploid nuclei
liver and tetraploid nuclei genes using SNRNA- enriched in Zone 3
seq
MargIaII—Ducos Rat 10 to 25 d | Tissue sections Cytokinesis failure as a Proximity to Zone 1 Polyploid hepatocytes
etal'® (FFPE) marker of polyploid (PEPCK1) and Zone 3 | equally distributed
hepatocytes during (GS) across all zones
postnatal development
Bou-Nader Human | 24-86y Liver sections (FFPE) | Nuclear measurements Proximity to Zone 3 | Polyploid hepatocytes
et al (diameter, intensity) (GS) equally distributed
across all zones
Yang et al*? Mouse | Embryonic | Hepatocytesisolated | FACS isolation of diploid, | Expression of zonal Diploid hepatocytes
day 17.5 from digested liver tetraploid, and octaploid | genes using scRNA- | enriched in Zone 1
to 2 mo hepatocytes; nuclei seq and in nuclei by
isolated form sorted cells [ snRNA-seq

Abbreviations: FACS, fluorescence-activated cell sorting; FFPE, formalin-fixed paraffin-embedded; FISH, fluorescence in situ hybridization; GS,

glutamine synthetase; scqRT-PCR, single-cell quantitative reverse-transcription polymerase chain reaction; scRNA-seq, single-cell RNA sequencing;
sn-RNAseq, single-nuclear RNA sequencing.
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level using single-nuclear RNA-seq (snRNA-seq). Three-
month-old mouse hepatocytes were lysed, and nuclei were
sorted based on the DNA content. Sequencing revealed that
nuclei with 4n content were enriched 1.3-fold in the expres-
sion of zone 3 genes.*® It is difficult to determine how nuclear
expression patterns translate to hepatic populations since 2n
nuclei are found in diploid and binucleate tetraploid hep-
atocytes, and 4n nuclei are found in mononucleate tetra-
ploids and binucleate octaploid hepatocytes. Fourth,
evaluation of incomplete cytokinesis, a readout of polyploid-
ization, among hepatocytes in the periportal and pericentral
regions of developing rat livers revealed similar proportions
of binucleate polyploid hepatocytes in both zone 1 and zone
3.19 Next, Bou-Nader et al investigated the location of poly-
ploids in human hepatic lobules using a nuclear-intensity
staining approach and found that polypoid hepatocytes are
equivalently distributed across all zones.'® Finally, in a very
recent study, Yang et al performed single-cell RNA-sequenc-
ing (scRNA-seq) and snRNA-seq on mice developing prena-
tally and postnatally.*® They found preferential expression of
periportal (zone 1) genes by diploid hepatocytes, suggesting
the localization of diploids to the periportal region.

The abundance of contradictory data is striking and may
be caused by differences in the tissues examined and tech-
niques used to determine ploidy and zonation. The inherent
variation in ploidy levels among species (mice, rats, and
humans) introduces substantial variation in overall ploidy
levels and possibly ploidy distribution. The age-dependent
nature of ploidy, with cells exhibiting dynamic changes
throughout postnatal development and adulthood, repre-
sents a significant source of variability. Using various meth-
odological approaches, from nuclear intensity-based tissue
assessments and DNA FISH to single-cell and single-nuclear
RNA-seq approaches, introduces unique biases. Studying the
spatial distribution is challenging, and it remains to be seen
how diploid and polyploid hepatocytes are definitively ar-
ranged with the liver. It is clear, however, that diploids and
polyploids reside in all zones, and further work is needed to
fully understand the spatial differences reported by others
and whether such changes affect liver function. To defini-
tively resolve these issues, a multipronged approach may be
necessary, including (1) spatial transcriptomics to discern
the precise lobule location and cellular activity of hepato-
cytes; (2) identification of ploidy populations by nuclear
fluorescence intensity and chromosome counting by DNA
FISH; and (3) discrimination between mononucleate and
binucleate hepatocytes with a membrane marker. This ap-
proach, allowing the simultaneous detection of the geo-
graphic location and ploidy levels of all hepatocytes, could
be applied to multiple species during homeostasis and
injury, facilitating a deeper understanding of the roles played
by diploid and polyploid hepatocytes.

Gene Expression

The hepatic ploidy state could affect gene expression in
multiple ways. It has been hypothesized that gene expression
levels increase proportionally with ploidy."”” Considering

Wilson, Duncan

polyploid hepatocytes have increased DNA compared to
diploids, it is conceivable that there is a dose-dependent
effect on gene expression, leading to increased levels of gene
expression and protein synthesis in polyploid cells. For
example, a tetraploid cell has twice the amount of DNA as
a diploid; thus, tetraploid hepatocytes may increase gene
expression two-fold."” This dose-dependent effect has been
observed in Arabidopsis, which contains diploid and tetra-
ploid gametic cells, where the transcriptome of tetraploid
cells is doubled compared to diploids.>® It is unclear how
gene dosage impacts transcriptomics in mammalian cells,
but recent studies suggest that hepatocyte ploidy does not
scale with gene expression. Yang et al performed scRNA-seq
and snRNA-seq of mouse hepatocytes and found equivalent
expression of mitochondrial and housekeeping genes by
diploid and polyploid hepatocytes.*® Similarly, using
snRNA-seq, Richter et al found a 1.4-fold increase in the
median gene number in 4n nuclei (compared to 2n nuclei),
less than the predicted two-fold difference.*® These findings
suggest there are mechanisms to maintain gene dosage. One
mechanism may be the silencing of supernumerary chro-
mosomes in polyploid cells. Regulation of supernumerary
chromosomes is known to occur in females, where the extra
X chromosome is inactivated, equalizing X chromosome
transcript levels between females (XX) and males (XY).?
Intriguingly, in females with four X chromosomes, two are
actively transcribed while two are silenced.>> Whether poly-
ploid hepatocytes regulate gene dosage through similar or
distinct mechanisms remains unanswered.

Hepatic ploidy populations may exhibit varying gene expres-
sion patterns that confer specialized functions, but there is little
consistency in the literature. In 2007, Lu et al compared gene
expression of mouse diploid, tetraploid, and octaploid hepato-
cytes by microarray analysis and found gene expression to be
broadly equivalent between ploidy populations.>> This finding is
supported by the results of bulk RNA-seq in a super-polyploid
murine model (transgenic Anln knockdown), which showed no
differentially expressed genes compared to control samples.54
This contrasts with more recent findings from Katsuda et al.*>#
Gene expression of diploid and polyploid hepatocytes in rat
hepatocytes was interrogated by either bulk microarray analysis
or sc-qRT-PCR using a custom panel of 47 genes. They showed
that diploid hepatocytes were enriched with genes associated
with the progenitor cell phenotype (Axin2, Prom1, and Lgr5).
However, Richter et al identified equivalent expression of
progenitor markers by diploid and polyploid nuclei.*® Studies
by Matsumoto et al investigated the expression of genes related
to aging by bulk RNA-seq in sorted diploid and polyploid
hepatocytes from both young and aged murine livers.>® They
identified hundreds of differentially expressed genes, with
common trends in both age groups. Notably, genes related to
immune response were consistently downregulated in poly-
ploids compared to diploids, while genes associated with
mitochondrial function were consistently upregulated in poly-
ploid hepatocytes. This contrasts with observations by Yang et al
showing equivalent expression of mitochondrial genes by dip-
loid and polyploid hepatocytes.*°
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Conflicting data make it difficult to compile a compre-
hensive list of differentially expressed genes by diploid
and polyploid hepatocytes. These discrepancies may arise
from variations in tissue and experimental techniques, as
discussed earlier. To determine a comprehensive and defini-
tive list, a meta-analysis of the gene expression profiles
reported by many groups is necessary to understand their
contradictory findings and to identify common expression
patterns. Overall, the data suggest that distinct functions
may exist for ploidy populations, and additional research is
necessary to determine where transcriptional or translation-
al output varies between diploid and polyploid hepatocytes.

Ploidy and Regeneration

Ploidy and Proliferation
The liver has an incredible capacity for regeneration. Up to 90%
of liver mass can be lost, and the organ can regenerate to its
original size and function.’® Several ideas regarding the func
tional significance of polyploidy in hepatocyte proliferation
and regeneration exist. It was initially thought that polyploid
hepatocytes were terminally differentiated with little capacity
for proliferation, but this idea has been disproven.'’>”>8
Polyploid hepatocytes proliferate robustly after partial hepa-
tectomy (PH), the surgical removal of up to two-thirds of liver
mass.>® Moreover, extensive proliferation by polyploid hep-
atocytes has been observed in vivo in liver repopulation
studies using the FAH /- model.%-26-:60.61

Although diploid and polyploid hepatocytes are capable of
proliferation, several studies have demonstrated an increased
proliferative capacity for diploid hepatocytes. First, our group
investigated repopulation capacity using competitive trans-
plantation in the FAH '~ model. To prevent changes in ploidy
associated with the ploidy conveyor (i.e., polyploidization,
ploidy reversal, and re-polyploidization, =Fig. 1), repopula-
tion experiments were conducted with Ef7/E2f8-deficient
hepatocytes.?® E2f7 and E2f8 negatively regulate cytokinesis,
and the deletion of E2f7 and E2f8 in the liver inhibits poly-
ploidization, yielding livers where 80% of hepatocytes are
diploid and 20% are polyploid.>*?® When E2f7/E2f8-deficient
hepatocytes (predominately diploid) and wild-type (WT) hep-
atocytes (predominately polyploid) were cotransplanted into
FAH '~ mice, E2f7/E2f8-deficient hepatocytes consistently
outperformed the WT hepatocytes, indicating a robust prolif-
erative advantage for stable diploid hepatocytes. Next, to
mitigate the potential off-target effect of E2f7/E2f8 deletion,
proliferation by ploidy populations was monitored during PH-
induced liver regeneration in WT mice.?® Hepatocytes were
harvested over a time course after PH, and their ploidy and cell
cycle status were determined. Diploid hepatocytes entered
and completed the cell cycle faster than polyploid hepatocytes,
which exhibited delayed cell cycle progression (~Fig. 3A). It is
unclear why polyploid hepatocytes have restricted prolifera-
tion; one mechanism may involve PIDDosome activation,
leading to p21 expression and cell cycle arrest (~Fig. 2A).3°

Second, Heinke et al used retrospective radiocarbon (14C)
birth dating of cells to investigate physiological hepatocyte
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replacement in humans.%? Hepatocyte nuclei from 29 human
subjects aged 20 to 84 years were isolated by fluorescence-
activated cell sorting (FACS) into ploidy populations, and
genomic “C concentrations were determined using accelera-
tor mass spectrometry. Mathematical modeling was applied—
incorporating historic atmosphere, memory effects, and cell-
cycle dynamics—to estimate hepatocyte age and renewal rates.
Human hepatocytes were found to have ongoing and lifelong
turnover that permits theliver to remain relatively young, at an
average of just 3 years old. However, the age of individual
hepatocytes is highly dependent on ploidy status. Diploid
hepatocytes showed birth rates sevenfold higher than poly-
ploids, suggesting that human hepatocyte replacement is
highly dependent on diploid cells (~Fig. 3B).

Finally, Viswanathan et al studied the pathological regen-
eration of human hepatocytes in vitro.*> Primary human
hepatocytes were cultured and treated with acetaminophen
to induce acute injury and compensatory regeneration. The
ploidy state of treated hepatocytes was determined by
evaluating nuclear size and intensity. Primary human hep-
atocytes under control conditions were distributed along 2n
(22%), 4n (49%), and 8n+ (29%) ploidy states. In acetamino-
phen-treated hepatocytes, the 2n ploidy state doubled to
44%, whereas the 4n and 8n+ classes decreased to 39 and
16%, respectively. Human diploid hepatocytes significantly
increased after acetaminophen toxicity, indicating that dip-
loid hepatocytes may drive compensatory regeneration in
humans (=Fig. 3C). Together, these studies show that diploid
hepatocytes, compared to polyploids, have a strong prolifer-
ative advantage during homeostasis and liver regeneration.
The proliferative capacity of diploid and polyploid hepato-
cytes needs to be evaluated in other contexts, such as chronic
and acute injury models, where diploid hepatocytes are
predicted to maintain a strong proliferative advantage.

Ploidy and Oncogenic Proliferation

Hepatocellular carcinoma (HCC) is the most common form of
liver cancer and is associated with high mortality and morbid-
ity globally.®* There is substantial evidence that polyploidy is
associated with heightened disease severity in many cancers,
including pancreatic, cervical, and lung cancer.'>%°%7 [t is
tempting to propose that hepatic polyploidy might contribute
to developing HCC; however, HCCs in both patient and rodent
models are highly enriched in diploid hepatocytes.3~7% Recent
studies suggest that diploid hepatocytes drive HCC and that
polyploidy protects the liver from tumorigenesis. Zhang et al
showed that polyploid hepatocytes protect against liver cancer
in the diethylnitrosamine (DEN) model.”! Loss-of-heterozy-
gosity of tumor suppressor genes, such as MlI2, Arid1a, or Rb1,
enhances the transformation potential of diploid cells. How-
ever, additional chromosome sets in polyploid hepatocytes
effectively provide “backup” copies of tumor suppressor genes
to compensate for their loss of heterozygosity. Complementary
studies by our lab found that E2f7/E2f8-deficient mice that are
enriched with diploids form HCC better than controls, likely
through accelerated proliferation by transformed diploid hep-
atocytes.”® Research by Lin et al corroborates these findings.>*
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Fig. 3 Ploidy-influenced hepatocyte proliferation. (A) Diploid and polyploid hepatocytes contribute to liver regeneration and repopulation. In
response to proliferative cues, diploid hepatocytes enter the cell cycle earlier and progress through the cell cycle faster than polyploid
hepatocytes, driving early hepatocyte regeneration and repopulation. Polyploid hepatocytes enter the cell cycle slowly, possibly due to

PIDDosome/p21-mediated arrest, and can generate polyploid daughters or diploid daughters via ploidy reversal. These diploid hepatocytes are
capable of rapid proliferation and re-polyploidization. (B) Diploid and polyploid hepatocytes mediate hepatocyte replacement during normal
aging (homeostasis). Hepatocyte turnover occurs primarily by diploids, arising from preexisting diploid hepatocytes or ploidy reversal by
polyploid hepatocytes. (C) Liver injury involving hepatocyte death or damage is accompanied by compensatory proliferation. Diploid
hepatocytes are the primary drivers of proliferation, although polyploid hepatocytes can proliferate with slower kinetics, generating polyploid
hepatocytes or diploid hepatocytes (that can re-polyploidize). (D) Diploid and polyploid hepatocytes respond differently to tumorigenic insults.
Polyploid hepatocytes, with additional copies of tumor suppressor genes, are relatively protected against tumor initiation (shown by one of four
cells becoming tumorigenic), while diploid hepatocytes are sensitive to tumorigenesis (indicated by four of six cells becoming tumorigenic).

Upon tumor initiation, tumorigenic diploid hepatocytes are capable of rapid proliferation, generating diploid and polyploid daughters.
Tumorigenic polyploid hepatocytes also proliferate, albeit more slowly, generating polyploid daughters or diploid daughters (that can

re-polyploidize).

Using superpolyploid mice (transgenic Anln knockdown),
diploid-enriched mice (E2f8 knockout), and controls, mice
were injected with DEN and repeatedly dosed with carbon
tetrachloride to induce liver regeneration. They found in-
creased tumor formation in diploid-enriched livers compared
to controls, while a decrease in tumor formation was observed
in superpolyploid mice. Collectively, these data support the
idea that diploid hepatocytes can drive liver cancer develop-
ment, whereas polyploid hepatocytes protect the liver from

tumorigenesis by providing extra copies of tumor suppressor
genes and restricting hepatocyte proliferation (~Fig. 3D).
Although diploid HCCs are extensively described, poly-
ploid HCCs have also been reported. For example, Bou-Nader
and colleagues examined the ploidy distribution in human
HCCs.'0 Thirty-three percent of HCCs were enriched with
mononuclear polyploid hepatocytes, which correlated with
poor differentiation, increased inflammation, p53 mutation,
and increased expression of proliferation genes. Matsuura
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et al very recently determined the ploidy status in human
HCC samples by DNA FISH and detected polyploidy in 36% of
HCCs.”? Polyploid HCCs were particularly aggressive and
associated with poor prognosis. Similarly, Lin et al identified
microscopic foci of preneoplastic lesions surrounded by
hyperpolyploid hepatocytes in mice treated with DEN.
They suggest a possible link between the formation of hyper-
polyploidy and the early stages of HCC.”> Overall, these
findings underscore the intricate role of polyploidy in HCC
progression, which is likely influenced by various genetic
factors and the dynamic nature of ploidy status (~Fig. 3D).

Ploidy Conveyor as a Mechanism of Ploidy Flexibility
During liver growth and regeneration, the liver undergoes
remarkable and dynamic chromosomal changes. These
changes are described by the ploidy conveyor model,
which incorporates polyploidization, ploidy reversal, and re-
polyploidization (~Fig. 1).>'” The ploidy conveyor was dem-
onstrated by our group in 2010.° Fixed and live cell imaging
was used to track cell cycling of diploid and polyploid hep-
atocytes in vitro. Diploid hepatocytes were observed to poly-
ploidize, generating higher ploidy state daughters, while
polyploid hepatocytes underwent ploidy reversal, generating
lower ploidy daughters. Proliferation by mouse diploid and
polyploid hepatocytes was also studied in vivo. Octaploid
hepatocytes isolated by FACS from WT mice were transplanted
into FAH /- mice and underwent 500 to 10,000-fold prolifera-
tion to repopulate the liver. The ploidy distribution of donor-
derived hepatocytes was assessed upon complete liver
repopulation, revealing octaploid daughter hepatocytes, as
expected, and lower ploidy daughters (tetraploid and diploid
hepatocytes). Surprisingly, the donor-derived hepatocytes
were found in ratios consistent with a “normal” ploidy distri-
bution. Together, these studies demonstrate the dynamic
nature of hepatic ploidy: proliferating diploids become poly-
ploid, and proliferating polyploids can become diploid.

To determine the extent of dynamic ploidy shifts during
liver injury and regeneration, Matsumoto et al developed
lineage tracing systems.?? Using Rosa-Conetti multicolor
reporter mice, Cre recombination allowed the stochastic
expression of a single fluorescent protein from each Rosa-
Confetti allele (GFP, YFP, RFP, or CFP). In heterozygous Rosa-
Confetti mice, diploid cells expressed one reporter and thus
were monocolored, while polyploid cells could express mul-
tiple colors due to their additional sets of chromosomes.
Cellular lineage was determined by tracking hepatocyte
fluorescence. Bicolored tetraploid hepatocytes were separat-
ed by FACS, transplanted in FAH/~ mice, and allowed to
repopulate the liver over 3 to 4 months. Analysis of repopu-
lated livers showed that these hepatocytes underwent ploidy
reversal. For example, liver repopulation by bicolored (YFP+
RFP +) tetraploid hepatocytes produced 35 to 50% mono-
colored daughters (YFP-+ or RFP + ), consistent with chromo-
some loss by a ploidy reversal mechanism. Moreover, 97% of
their monocolored derivatives were polyploid. This suggests
that YFP+ RFP+ hepatocytes underwent ploidy reversal by
multipolar cell division to generate one YFP+ diploid daugh-
ter or one RFP+ diploid daughter, which, in turn, re-poly-
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ploidized to generate monocolored polyploid hepatocytes
(i.e., YFP diploid polyploidized to form polyploid daughter
cells expressing two YFP alleles). To determine the preva-
lence of dynamic ploidy changes associated with the ploidy
conveyor, various chronic injury models (carbon tetrachlo-
ride, thioacetamide, and 3,5-diethoxycarbonyl-1,4-dihydro-
collidine [DDC]) were applied. Compared to uninjured mice,
there were half as many bicolored (YFP+ RFP + ) hepatocytes
but twice as many monocolored cells (YFP+ or RFP+),
indicating a ploidy reversal mechanism in response to di-
verse types of liver injury. Together, these data indicate
that ploidy reversal and subsequent re-polyploidization are
common features of hepatocyte proliferation, seen in each
injury model examined (= Fig. 3A-C).2074

Although polyploidy can protect against liver cancer,
polyploid hepatocytes are not immune to carcinogenesis
(see Ploidy and Oncogenic Proliferation). Matsumoto and
colleagues again used lineage tracing models to investigate
the role of polyploidy and ploidy reversal during oncogene-
sis.”*”° In response to induced tumorigenesis (nonalcoholic
steatosis, FAH deficiency, and thioacetamide injury), multi-
ple tumor lineages emerged, including bicolored tumors
(derived from polyploid hepatocytes) and monocolored
tumors (originally from ploidy reversal-derived diploids).
Furthermore, a direct comparison of the tumorigenic poten-
tial of (1) ploidy reversal-competent hepatocytes and (2)
experimentally induced incompetent hepatocytes revealed
up to a seven-fold increase in tumor formation by hepato-
cytes capable of ploidy reversal. Thus, the data demonstrate
that ploidy reversal and polyploid-derived diploid hepato-
cytes are critical intermediates in the development of hepa-
tocyte-derived cancers. The ploidy conveyor may explain the
emergence of polyploid HCCs.'%7%73 It is possible that HCC
initiation occurs in diploid hepatocytes lacking redundant
tumor suppressor genes; as the disease advances, some
undergo polyploidization (~Fig. 3D).”" The significance of
ploidy in HCC progression and its implications for prognosis
warrants further investigation.

Concluding Remarks and a Model for Ploidy-
Associated Hepatocyte Proliferation

The high degree of polyploidy in human and rodent livers
suggests that diploid and polyploid hepatocytes perform
specialized roles. Whether and how hepatocyte identity
(e.g., zonation, gene expression) is influenced by ploidy is
poorly appreciated, and contradictory observations in the
liver must be resolved. Diploid and polyploid hepatocytes
can proliferate and generate daughters with increased or
decreased ploidy. The cycle of polyploidization, ploidy
reversal, and re-polyploidization (i.e., the ploidy conveyor)
is a specialized form of hepatic plasticity that occurs
frequently during hepatocyte proliferation and injury
(=Fig. 4). Hepatocytes with diploid nuclear content,
whether de novo diploids or derived from polyploid hep-
atocytes, have an enhanced capacity to proliferate com-
pared to hepatocytes with polyploid nuclear content. Thus,
diploid hepatocytes drive robust proliferation, including
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Fig. 4 Hepatocyte ploidy influences proliferative potential. Diploid,
tetraploid, and octaploid hepatocytes can proliferate, but diploids are
capable of accelerated proliferation. The slowly proliferating
polyploids can undergo ploidy reversal to form rapidly proliferating
diploid daughters. Diploid hepatocytes function as the primary
drivers of hepatocyte replacement (homeostasis), liver regeneration
and repopulation, compensatory proliferation after injury, and
oncogenic proliferation in hepatocellular carcinoma. Solid purple
lines indicate polyploidization; dashed blue lines mark ploidy reversal;
and black/gray arrows indicate the relative contribution to
proliferation.

physiological turnover, regeneration, and oncogenic
proliferation.
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