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ABSTRACT
Polyploid cells contain more than two homologous sets of chromosomes. The original observations
of liver polyploidy date back to the 1940s, but functional roles for polyploid cells are still unclear.
Liver polyploidy may influence regeneration, stress response, and cancer, although little evidence
has established direct causal links between polyploidy and these biological phenotypes. In this
review, we will introduce broad concepts about polyploidy including its distribution in nature and
how polyploids form in normal and pathological situations. Then we will examine recent discoveries
that have begun to clarify functionality and disease relevance of liver polyploidy. Finally, we will
discuss implications and future directions of research about polyploidy in the liver.
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Where is polyploidy found in the natural
world?

Polyploid tissues and organisms contain cells with
balanced duplications of all chromosomes. This
duplication inevitably results in increased DNA
content, potentially followed by an increased capa-
city for RNA and protein production, increased
substrates for DNA repair and evolution, and
increased centrosome number. These inevitable
consequences could provide both substrates for
evolution and adaptability while also introducing
challenges for cell division. In fact, polyploidy in
early prokaryotes may have protected against dou-
ble strand breaks and deleterious recessive muta-
tions in a highly oxygenated environment [1].
Polyploids are also common in the plant king-
dom – all angiosperms underwent whole genome
duplication events in the past [2,3] and 30–80% of
all plants are polyploid [4,5]. Polyploidization in
plants has been recognized as a centrally impor-
tant evolutionary process that affected diversifica-
tion and specification [6]. In plants, the success of
angiosperms is at least in part due to gene or
whole-genome duplication (WGD) events, which
resulted in seed and flower gene diversification [7].
Species richness positively correlates with the

frequency of polyploids [8], suggestive of how
polyploidization contributed to plant speciation.
It is likely that some lineages that underwent
WGD events acquired survival advantages and
evolved into novel polyploid species [9].

Polyploidy is less common in animals, possibly
due to differences in development, genomic archi-
tecture, and sex determination [10]. Animals have
more complex gene regulatory networks and tis-
sue-specific expression patterns, which may have
made genome reorganization more challenging
after polyploidization events [10]. However, poly-
ploid organisms still exist in all major taxonomic
animal groups, particularly fish [11] and amphi-
bians [12]. Of the 24,000 existing fish species in 57
orders, the majority (63%) fall into nine orders
known to include polyploids [13]. As for amphi-
bians, natural polyploids and spontaneous poly-
ploid individuals (viable individuals that are
polyploid, while the majority of the species is
diploid) were found in 15 anuran families and 4
urodelan families [14]. Polyploidization may have
also played a role in animal evolution since most
vertebrate genomes evolved from WGD events
[15]. While whole-body polyploids in mammals
and birds are rare, a high frequency of polyploid
cells can be found in mammalian organs such as
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the bone marrow [16], heart [17], skeletal muscle
[18], brain [19], and liver [20].

Within individual animal tissues, dynamic poly-
ploidization is also seen as a result of developmental
processes, environmental stresses, or pathological
conditions. As an example, early pregnancy induces
the development of decidual polyploid cells [21]. At
the site of blastocyst implantation, stromal cells
undergo a process called decidualization, during
which they extensively proliferate, differentiate, and
polyploidize to remodel the endometrium in pre-
paration for implantation [21]. This process invol-
ving polyploidization is crucial for successful embryo
implantation and growth [22]. Polyploidy and aneu-
ploidy are also observed in various stages of carcino-
genesis. Polyploidization in cancer cells has been
associated with tumor progression [23–25], poten-
tially due to an association with chromosomal
instability (CIN) [26].

How do cells become polyploid?

Described below are mechanisms that can lead to
polyploidization during development or disease,
including cell fusion and alternative cell cycling
[27–28] (Figure 1).

(1). Cell fusion is the only mechanism that gener-
ates polyploid cells without requiring cell cycle entry.
Fusion of two or more cells of the same type results in
syncytial polyploid cells of the mammalian muscle,
bone, and placenta. During embryonic development,
myoblasts fuse together to form multi-nucleated

fibers called myotubes, representing a terminally dif-
ferentiated state [29]. Although its relevance is
debated, cell fusion between hepatocytes has been
observed in chimeric mouse transplantation models,
albeit at low rates [30]. One study identified hepato-
cytes expressing markers from two separate donors,
and reasoned that these were generated via fusion
events. However, due to potential artifacts from extra-
cellular vesicles and a lack of data regarding the ploidy
of “fused” cells, the occurrence of hepatocyte fusion in
the liver remains controversial.

(2). Endoreplication, also known as endoreduplica-
tion or endocycling, occurs when a cell replicates its
DNA without entering mitosis. The resulting cellular
progenies of endoreplication are usually mononu-
cleated polyploid cells. In Drosophila, most larval tis-
sues polyploidize via endoreplication. An extensively
studied example is the giant salivary gland cell, which
undergoes about 10 cycles of endoreplication, result-
ing in a final ploidy of > 1000 genome copies [31].
Another example in Drosophila are nurse cells, which
become polyploid during oogenesis and provide
maternal materials to oocytes [32]. In mammals,
endoreplication occurs when trophoblast stem cells
(TSC) differentiate into trophoblast giant cells
(TGC), which are required for embryo implantation
[33]. The abbreviated cell cycle where S and G phases
alternate has been proposed as a way to accelerate
TGC growth [34]. Outside of development, endore-
plication also occurs in response to DNA damage.
For example, in p53 null Mouse Embryonic
Fibroblasts (MEFs), DNA damage signals from

Figure 1. Mechanisms of polyploidization.
Polyploidization can be achieved via different mechanisms, including cytokinesis failure, mitotic slippage, and endocycling. Each
mechanism involves deviations in how cells normally cycle.
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persistent telomere dysfunction were shown to inhibit
mitotic entry, resulting in the formation of tetraploid
cells through endoreplication [35].

(3).Mitotic slippage. During perturbed mitoses, i.e.
when cells are treated with spindle inhibitors, cells are
arrested at metaphase by the spindle assembly check-
point (SAC), which is activated to ensure that each
chromosome is properly attached. Prolonged SAC
activation causes mitotic arrest and cell death,
a phenomenon termed “mitotic catastrophe” [36].
Alternatively, a process called “mitotic slippage”
occurs when arrested cells “slip” mitosis and enter
the next interphase without undergoing chromosome
segregation or cytokinesis. Since the satisfaction of
SAC is not required for exiting mitosis [37], the
arrested cells can “slip”mitosis when the exiting signal
is activated, which requires the proteolysis of Cyclin
B [38]. Thereby, cells undergoing “mitotic slippage”,
also referred to as “postmitotic” cells, become poly-
ploid. Tubulin binding agents such as taxanes, epothi-
lones, and vinca alkaloids can activate the SAC to
induce mitotic slippage [39,40]. However, how cells
choose between “mitotic catastrophe” or “mitotic slip-
page” is still unclear [41,42].

(4).Cytokinesis failure. Cytokinesis is the final step
of the cell cycle, during which themother cell divides
into daughter cells. It requires anaphase spindle
reorganization, formation of a cleavage furrow, and
abscission of themidbody structure. Cytokinesis fail-
ure can lead to binucleated polyploid cells, or if the
nuclei re-fuse after failed cytokinesis, it can also
result in a mononucleated daughter cell [43]. As an
example, platelet producing megakaryocytes go
through anaphase and telophase, but then do not
complete cytokinesis due to cleavage furrow regres-
sion, resulting in ploidies of up to 128n [44].
Polyploidization is essential for megakaryocyte func-
tion because enforcing cytokinesis in megakaryo-
cytes by Cdc20 ablation leads to decreased ploidy
and a reduction in platelet production [45]. In the
context of Cdc20 loss, rescuing polyploidization by
deleting Cdk1 or Cdk1/Cdk2 also restores platelet
production [45]. This suggests that polyploidy itself
is required for megakaryocyte function, rather than
just the specific genes responsible for polyploidiza-
tion. Another example of cytokinesis failure is in
zebrafish epicardial regeneration. Cao et al. showed
that the regenerating epicardium consists of two cell
populations: polyploid “leader” cells at the front of

regenerating tissues and diploid “follower” cells
[46,47]. The polyploid cells are formed primarily
via cytokinesis failure induced by increased mechan-
ical tension. Although both polyploid leader cells
and diploid follower cells were independently suffi-
cient for epicardial regeneration, polyploid cells were
more efficient at regeneration [46].

Characterization of polyploidy in the liver

The liver is an organ that carries out essential func-
tions such as nutrient synthesis and distribution,
storage of amino acids, lipids and carbohydrates,
and detoxification of xenobiotics [48]. These func-
tions are conducted primarily by hepatocytes, which
account for 70–80% of cells within the liver.
Hepatocytes are relatively quiescent with a turnover
rate of 200–300 days, but are able to rapidly prolif-
erate upon tissue loss or injury [49]. At birth, all
hepatocytes have a single nucleus with 2n DNA
content and are thus diploid. During postnatal devel-
opment, hepatocytes become polyploid predomi-
nantly through cytokinesis failure, as demonstrated
by live cell imaging and immunofluorescence stain-
ing on tissue sections [50,51]. Polyploid hepatocytes
can take many forms: they can be tetraploid (binu-
cleated with two 2n nuclei or mononucleated with
one 4n nuclei) or octaploid (binucleated with two 4n
nuclei or mononucleated with one 8n nuclei). The
prevalence of polyploid hepatocytes increases with
age, ultimately resulting in approximately 90% poly-
ploid hepatocytes in adult mice and upwards of 50%
in adult humans, as measured by flow cytometry and
fluorescence in situ hybridization (FISH) [52,53]. In
rodents, hepatocyte polyploidization starts around
weaning, and is tightly associated with dietary
changes and fluctuations in insulin/Akt signaling
(Figure 2) [54,55]. Celton-Morizur et al. found that
blocking insulin/PI3K/Akt signaling reduced the for-
mation of binucleated hepatocytes in rats.
Kinetically, polyploidy increases rapidly between
weaning andmaturation, followed by amore gradual
elevation throughout adulthood, in part because pro-
liferation slows down after 4 weeks of age.

Liver ploidy also changes after injury and stress.
70% partial hepatectomy induces compensatory
hepatocyte hypertrophy and hyperplasia associated
with a reduction in diploid cells and an increase in
mononucleated polyploid cells [56,57]. Miyaoka
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et al. examined regeneration after 70% hepatect-
omy, and suggested that the mechanisms of poly-
ploidization during regeneration are distinct from
the mechanisms during development. First, they
found that hepatocytes entered S-phase (BrdU
incorporation) but rarely entered mitosis (phos-
pho-H3 staining), indicating that the cells might
undergo endoreplication. Second, they proposed
that the binuclear hepatocytes tend to undergo
cell division to generate mononuclear hepatocytes
[56]. Although this study was solely based on
imaging tissue sections and lacked direct evidence
for aberrant cell cycles, it demonstrated the
remarkable plasticity of hepatocyte cell cycles. In
addition to surgical resection, chemical, genetic,
and metabolic injuries can also elicit ploidy
changes. We observed increased liver polypoidy
in mice after repeated administration of carbon
tetrachloride (CCl4), a dry-cleaning toxin that
causes centrilobular hepatocyte necrosis (unpub-
lished). In a rat model of Wilson’s Disease, exces-
sive hepatic copper accumulation is associated
with delayed mitosis and increased ploidy [58].
Recently, Gentric et al. reported that hepatocyte
ploidy increased in murine models of nonalcoholic
fatty liver disease (NAFLD) vs. controls. They also
found increased nuclear size in hepatocytes from
patients with steatohepatitis (NASH) compared to
healthy controls, suggesting polyploidization [59].

Furthermore, they determined that oxidative stress
promoted polyploidization in NAFLD models, and
antioxidants could revert the ploidy back to nor-
mal levels. Our group examined a functional role
for ploidy in this setting by first altering mouse
liver ploidy, then inducing fatty liver disease using
high fat diet. We found that increased polyploidy
did not alter the severity of steatosis, but did sup-
press tumorigenesis.

Polyploidy is one of many types of cellular
heterogeneity among hepatocytes

An important question is if polyploid hepatocytes
are more proliferative or differentiated than diploid
hepatocytes. Results from recent liver stem cell stu-
dies shed some light on this topic. The hepatic lobule
is the fundamental histologic unit of the liver and is
classified to three concentric zones covering the por-
tal to central vein axis. These zones are the periportal
(zone 1), mid-zone (zone 2), and perivenous (zone
3). Gene expression changes across zones due to
differences in blood flow, an oxygen gradient, Wnt
signals from endothelial cells of the central vein, and
other factors [60–62]. Intriguingly, hepatocyte
ploidy also differs between zones. By using single
molecule-based tissue imaging, Tanami et al. recon-
structed the spatial zonation profile of liver ploidy:
periportal zone 1 has the most diploid hepatocytes,

Figure 2. Liver polyploidization as a function of age.
Hepatocyte ploidy increases with age, and involves a rapid increase around the time of weaning. Polyploidization slows after
maturation because proliferation rates decrease. Insulin/Akt is one pathway that controls polyploidization by promoting cytokinesis
failure. Hepatocyte polyploidization can also occur through endoreduplication during later stages.

CELL CYCLE 1305



mid-zone 2 has the most polyploid hepatocytes, and
the perivenous zone 3 is intermediate [63].

Polyploidy is associated with terminal differentia-
tion and functional maturity in megakaryocytes, car-
diomyocytes [45], and TGCs [64]. Thus, polyploid
cells are often considered less “stem-like”. However,
putative liver stem or progenitor compartments have
diverse ploidy levels. Since oval shaped cells near bile
ducts were observed to expand in chronic liver dis-
eases, many attempted to identify a non-hepatocyte
“liver progenitor cell” population that gives rise to
hepatocytes when hepatocyte proliferation is inhib-
ited. Injury-induced cells expressing bile duct mar-
kers (Opn, Ck19, Lgr5, EpCAM, etc.), were thought
to replenish the hepatocyte pool upon injury [65,66].
However, multiple rigorously performed lineage-
tracing studies suggested that hepatocytes them-
selves were the major regenerative cell source during
injury [67,68]. More recently, specific hepatocyte
subpopulations were lineage-traced to identify cells
that can self-renew under physiological conditions
or upon injury. Wang et al. labeled Axin2+ hepato-
cytes surrounding the central vein and found that
these cells could both self-renew and give rise to new
hepatocytes in the absence of injury [60]. Consistent
with their location in zone 3,Axin2+ cells were more
likely to be diploid compared to their progeny,
although 30–40% of this population was actually
tetraploid. Font-Burgada et al. labeled hybrid peri-
portal hepatocytes (HybHP) using a Sox9-CreER
tracer, and found these cells did not expand under
normal homeostasis, but became highly proliferative
under multiple injury conditions [69]. Their results
were supported by another group that used Mfsd2a
to trace periportal hepatocytes [70]. These studies
did not focus on ploidy profile, but these cellular
populations are more likely to be diploid based on
zonation. Lin et al. labeled a group of hepatocytes
expressing higher levels of telomerase reverse tran-
scriptase (Tert) that were found to regenerate during
homeostasis and under injury conditions [71]. The
Terthigh hepatocytes were equally distributed through
all liver zones and comprised of a similar proportion
of diploid and polyploid cells as Tertlow hepatocytes.
These important studies used different lineage tra-
cing reagents and insults but remain difficult to
reconcile. As had been previously reported for
another Sox9-CreERT2 knock-in mouse, transgenic
reporter systems can introduce alterations in cellular

proliferation and fitness [67,72,73]. Alternatively, it
is possible that different injury models favor regen-
eration from distinct cell populations. Since many
liver injuries cause damage in the pericentral area,
where Cytochrome P450 enzymes are most highly
expressed, it makes sense that there are reserve cell
populations at the opposite zonal end to mediate
regeneration under diverse conditions. Importantly,
these studies do not consistently support the concept
that polyploid hepatocytes are more terminally dif-
ferentiated, less proliferative, or senescent than
diploid hepatocytes.

Genetic regulators of liver ploidy

What dictates the timing of scheduled polyploidiza-
tion? Because rodent liver polyploidization increases
dramatically during the nursing to weaning transition,
it has been hypothesized that food intake and nutrient
signaling are effectors of when and how much poly-
ploidzation occurs. Indeed, early weaning of rat and
mouse pups leads to premature polyploidzation
[54,74]. This effect can be recapitulated bymanipulat-
ing insulin/PI3K/Akt signaling [54]. Inhibiting Akt
activity decreases failed cytokinesis events during
weaning, supporting the hypothesis that insulin sig-
naling promotes polyploidization [54]. It is likely that
other growth pathways that have effects on cell cycle
machinery would also lead to detectable ploidy
changes. Since polyploidization involves programmed
cell cycle anomalies (cytokinesis failure and endore-
plication), it is not surprising that perturbation of cell
cycle regulators can alter ploidy. The E2F family com-
prises such a group of transcription factors involved
in cell cycle transitions. The family contains activators
such as E2f1, E2f2, E2f3, and repressors such as E2f7,
E2f8. Indeed, the expression levels of E2f7 and E2f8
are elevated during hepatic polyploidization, suggest-
ing their regulatory roles of polyploidization in nor-
mal physiological state. Simultaneous E2f8 and E2f7
deletion leads to the upregulation of cytokinesis genes
and a completely diploid liver with few other physio-
logic phenotypes, discussed below [75]. On the other
hand, E2f1 deficiency results in increased polyploidy
via the downregulation of G2/M transcriptional pro-
grams [76,77]. Perturbations in other cell cycle regu-
lators, though they are not necessarily contributing to
natural hepatocyte polyploidization, also lead to
ploidy changes. For example, Ccne1 and Ccne2 play
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antagonizing roles in liver ploidy regulation. Ccne1
deletion inmice results in endoreplication defects and
decreased polyploidy, while Ccne2 deletion results in
accelerated DNA synthesis and increased polyploidy
[78]. Other regulators with roles in ploidy determina-
tion include p53 [79], p21 [80], Rb [81], Cdk1 [82],
Skp2 [83], Ssu72 [84], and Survivin [85], and deficien-
cies of these genes all cause increased polyploidy.
MicroRNAs also regulate ploidy. The direct targets
of miR-122 include a set of cytokinesis genes, and
miR-122 deletion results in a profound reduction of
polyploid hepatocytes [86]. Though it might be
tempting to study the functionality of polyploidy
with these models, it would be difficult to dissociate
contributions of ploidy from those of gene deletion.
Multiple orthogonal methods of altering liver ploidy
will likely be required to reach convincing conclusions
about the functionality of ploidy states.

What is the function of polyploidy in the
liver?

Polyploidy in the liver is both developmentally regu-
lated and dynamically controlled in the context of
cellular stress or disease. These observationsmade us
wonder what functionality polyploidy plays in hepa-
tocyte biology. One hypothesis is that polyploidiza-
tion increases the metabolic capacity of hepatocytes
such that they can meet the requirements of rapid
growth [87]. In plants, endoreplication occurs in
tissues that grow quickly and that have a high meta-
bolic capacity [88]. Livers from Cdk1-/- mice, which
contain dramatically polyploidized hepatocytes,
were previously used to investigate the impact of
cell size on metabolism and gene expression [89].
Cytoskeletal genes were upregulated, while mito-
chondrial and lipogenic genes were downregulated
inCdk1-/- hepatocytes. This could suggest that meta-
bolic capacity is a function of ploidy, but it is also
possible that Cdk1 deletion itself induced metabolic
changes through cell cycle alterations independent of
ploidy [90,91]. Microarray studies comparing
diploid and polyploid hepatocytes from wild-type
mice did not identify substantial gene expression
changes [92]. Although polyploid plants and placen-
tal trophoblast cells exhibit altered gene expression
in comparison to their corresponding diploid coun-
terparts [93–95], transcriptional alterations are not
a prominent feature of polyploid liver cells at least on

the population level. Recently, Shalev Itzkovitz’s
group examined transcriptional fidelity in the mam-
malian liver [96]. They developed amethod based on
single molecule FISH to quantitatively characterize
the promoter states of hepatocytes in situ, and found
that the promoters stochastically switched between
closed and open states, leading to cell-to-cell varia-
tion in gene expression, or so-called “transcriptional
noise”. Interestingly, polyploid hepatocytes exhibited
less noise, suggesting a more buffered and tightly
controlled gene expression. Finally, polyploid cells
in other settings also exhibit under-replication, epi-
genetic changes, and chromatin remodeling altera-
tions, topics that have been reviewed elsewhere [95].
Whether or not these changes occur or are function-
ally relevant in polyploid hepatocytes are still
unknown.

The relationship between polyploidy and cancer is
context-specific. On the one hand, polyploidy may
protect against transformation in a mutagenic envir-
onment. On the other hand, polyploidy is frequently
observed in cancer cells and may represent a risk
factor for chromosomal instability, which can lead to
aneuploidy [97,98]. Since genome duplications in
cancer cells are often accompanied by the deletion,
amplification, or translocation of whole or parts of
chromosomes [99,100], cancer cells are more often
aneuploid rather than simply polyploid. In 1902,
Theodore Boveri reasoned that carcinogenesis
arose from aberrant mitosis and scrambled chromo-
somes [101]. David Pellman’s group contributed
evidence to this idea by showing that tetraploidy is
an intermediate state of cancer cells that leads to
aneuploidy [26], a specific instance of Boveri’s
hypothesis. Fujiwara directly tested this idea in p53
null mouse mammary epithelial cells (MMECs). In
comparison to diploid MMECs, tetraploids gener-
ated by cytokinesis failure exhibited more frequent
chromosomal missegregation and enhanced tumor-
igenicity [102]. Similarly, Davoli et al. showed that
persistent telomere dysfunction and genome-wide
DNA damage could induce cell tetraploidization in
p53 deficient cells [35], and that tetraploid cells
created via the telomere crisis exhibited enhanced
transformation [103]. Boveri’s hypothesis has been
further supported by many tumor ploidy and cell
cycle studies [104–106], adding to a body of work
that associates polyploidy and aneuploidy with can-
cer progression. Although these studies established
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a link between polyploidy and tumorigenesis, they
were predominantly performed in p53 null cells or
more generally, in immortalized cells that have the
requisite genetic defects to propagate in a dish.
Because tetraploidization can activate p53, which
blocks entrance into S-phase [107,108], these studies
likely reveal consequences of polyploidy that would
otherwise not been observed in animals with intact
p53. It is likely that polyploidy in the absence of p53
is a cancer driver, but this cannot be asserted for
polyploidy in general.

Other studies have supported a tumor suppressive
role for polyploidy, potentially due to reduced pro-
liferative rates. Surprisingly, the fundamental ques-
tion of how hepatic ploidy influences mitosis
mechanics and proliferation rates has so far evaded
definitive answers. Ganem et al. demonstrated that
cytokinesis failure could trigger p53 andHippo path-
way activation, leading to growth inhibition within
polyploid hepatocytes, but much of that evidence
was examined in vitro [109]. Knouse et al. carefully
quantified polyploid and diploid cells and their rates
of division after partial hepatectomy and found that
polyploids divide as much as diploids [110].
Moreover, E2f7/E2f8 knockout livers, which are pre-
dominantly diploid, did not exhibit a higher liver
mass recovery rate after hepatectomy compared to
wild-type livers [75]. The caveat here is that there are
only 1–2 rounds of division after surgical resection
so it is hard to discern small differences in prolifera-
tion rates. By using primary hepatocytes directly
isolated from the mice livers, Wilkinson et al.,
recently showed that proliferation rates of E2f7/
E2f8 knockout hepatocytes, which cannot become
polyploid, are higher than that of wild-type polyploid
hepatocytes [111]. Collectively, there is a robust body
of work showing that polyploids do divide to gen-
erate hepatocytes of the same or higher ploidy, and
that these divisions happen at a slightly lower rate
than in diploids. There is still room for in vivo
experiments to quantitatively measure cell division
rates of wild-type diploids vs. polyploids. This is
important because understanding the long-term
consequences polyploidy is dependent on the under-
standing of how many daughter cells arise from
various ploidy populations.

Our group showed that livers with more diploid
cells are more likely to get cancer because these
cells are more likely to lose all copies of important

tumor suppressors [112]. To address the function-
ality of polyploidy in the liver, we built inducible
tools to manipulate ploidy levels in vivo without
permanent changes in genes [74]. By manipulating
the weaning time and levels of Anln or E2f8 genes
to change liver ploidy levels, we found that liver
tumorigenesis was inversely correlated with initial
polyploidy levels, indicating a tumor suppressive
role for polyploidy (Figure 3). Moreover, the addi-
tional chromosomes in polyploid cells led to less
frequent loss of heterozygosity (LOH), which
helped to prevent tumor initiation (Figure 4).
Normal liver polyploidy plays a protective role
against mutagen induced tumorigenesis, perhaps
because polyploids can accumulate more deleter-
ious recessive mutations before completely losing
heterozygosity.

If polyploid hepatocytes frequently reduce their
DNA content through reductive divisions, then the
genetic buffering mechanism would not be protective
because these divisions could also lead to tumor sup-
pressor loss. In fact, Lucchetta et al. observed that in
the Drosophila intestine, polyploid enterocytes go
through ploidy reduction, or amitosis, to generate

Figure 3. Polyploid hepatocytes protects the liver from muta-
gen-induced tumorigenesis.
Controlling liver polyploidization by manipulating weaning
times or cytokinesis genes (i.e. Anln or E2f8) generated livers
with different ploidy states. Induced polyploidization protected
livers from mutagen-induced tumorigenesis while induced
diploidization did the opposite. Figures adapted from [74].
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diploid stem cells under conditions of drastic stem cell
depletion [113]. They also showed that amitosis could
lead to LOH. Therefore, ploidy reducing events other
thanmeiosis canoccur in somatic cells. Inmammalian
livers, the frequency andmechanisms of ploidy reduc-
tion are not well understood. Duncan et al., showed
that a small fraction (~4%) of polyploid hepatocytes
cultured in vitro could divide by forming multipolar
spindles or dual spindles, resulting in daughter cells
with reduced DNA content, a phenomenon they
termed “reductive mitosis” [114]. They also showed
that polyploid hepatocytes undergo reductive divi-
sions after transplantation into Fah null mice [115].
It is worth pointing out that, both the stem cell deple-
tion in Drosophila intestine and the hepatocyte trans-
plantation into Fah null liver are intense selection
processes, whichmight forcemore reductive divisions
than would otherwise occur in intact, normal tissues.
Another question is whether reductive divisions gen-
erate aneuploid daughter cells. As there is currently no
known mechanism that ensures chromosome segre-
gation fidelity during reductive divisions, this process
is associated with the production of aneuploid cells. In
vitro, reductive divisions occur via multipolar spindle
formation and double mitosis, which often results in
lagging chromosomes, missegregation, and aneu-
ploidy. Occasionally, the two nuclei in a binucleated
tetraploid hepatocyte undergo mitosis separately and

generate 4 mononucleated daughter cells [114],
a process that does not involve multipolar spindle
formation. Thus, reductive division can happen
through various mechanisms in vitro, but whether it
occurs, how it occurs, and whether it relates to aneu-
ploidy formation in vivo are still unclear.

Independent of how aneuploidy might arise, the
actual frequency of aneuploid cells in the liver seems
highly dependent on the assays and cellular states. By
single nuclei sequencing, the percentage of aneuploid
chromosomes was non-detectable in non-injured
mouse liver, about 0.2% in post-regeneration livers,
and about 1% in in vitro expanded hepatocytes (48h
expansion) [110,116]. In contrast, with FISH, the
aneuploidy frequency was less than 1% in freshly iso-
lated hepatocytes, and about 20% in in vitro expanded
hepatocytes (5 d expansion) [114]. One consistent
observation from these studies is that the in vitro
expansion leads to more aneuploid cells, which is in
part due to the absence of proper tissue architecture
in vitro [110,116]. In fact, proliferating polyploid
hepatocytes were frequently observed in vivo and
could also form multipolar spindles, but these multi-
polar spindles were almost always congressed into
bipolar spindles during anaphase, leading to equator-
ial divisions [110]. Another interesting observation is
that, liver regeneration following hepatectomy does
result in more aneuploid cells (from non-detectable

Figure 4. Tumor protection by polyploids is mediated through reduced loss of heterozygosity.
Polyploid cells prevent tumor initiation by impairing loss of heterozygosity. After initiating mutations occur, the remaining wild-type
allele(s) in polyploid cells provide additional tumor suppressor gene copies. In diploid cells, a second mutation can lead to loss of
heterozygosity.
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to ~0.2%) [110], suggesting a low rate of aneuploidy
formationduring hepatocyte proliferation.As the liver
injuries in real life are mostly chronic injuries, which
induce multiple rounds of cell proliferation, whether
a significant population of aneuploid cells will emerge
after chronic injury, and whether this will pose a
higher cancer risk or better adaptation are important
questions to be addressed [117]. Furthermore, clarify-
ing the actual rate of aneuploid cells in healthy and
diseased human livers will be an important finding for
the field. Following that, determining if and how poly-
ploids maintain mitotic fidelity will be critical. To
resolve these complex issues, intravital imaging of
hepatocyte proliferation and long-term lineage-
tracing experimentswill be needed to truly understand
the frequency, mechanics, and long-term impact of
ploidy divisions in physiologic settings.

Finally, polyploidy may promote adaptation to
stressful environments. For example, tetraploid yeast
underwent accelerated environmental adaptation
compared to diploid and haploid strains. This was
mediated by beneficial aneuploidy, concerted chro-
mosome loss (random loss of multiple chromosomes
so that cell ploidy returned to a nearly diploid level
[118]), and point mutations [119]. Some beneficial
mutations were selected for in tetraploid yeast. In
addition, the polyploid Arabidopsis exhibited higher
potassium concentration in leaves, thus enhancing
their tolerance to salinity and survival after NaCl
treatment [120]. In the liver, Duncan et al. argued
that polyploidy and aneuploidy allowed for positive
selection and adaptation to physiologic stressors
[114,121]. Although the prevalence of aneuploidy in
normal hepatocytes is debated [110,116], a small pool
of aneuploid cells does appear to exist in the liver,
especially after regeneration [110]. This is hypothe-
sized to increase genetic diversity within a tissue to
facilitate adaptation to stress, but additional evidence
to support this hypothesis is needed [119]. Many
functional roles of polyploidy in liver have been pro-
posed, but these hypotheses are just beginning to be
tested in models with relevance to human disease.

Concluding remarks

The rarity of polyploidy in animals has raised impor-
tant questions about the purpose of maintaining
polyploidy in particular tissues. Are there adaptive
features of polyploid cells? Do polyploid cells acquire

unique functions when compared to diploid cells? Is
polyploidy deleterious in certain circumstances?
Reasonable hypotheses are just beginning to be
tested. For example, polyploid cells may play roles
in normal and regenerative growth, but these roles
may vary between cell types. This is exemplified by
the enhanced surface coverage by polyploid epicar-
dial tissues [46], but decreased regenerative capacity
of polyploid cardiomyocytes [122]. Also, polyploid
hepatocytes might be buffered from tumor suppres-
sor LOH and cancer [74], but polyploid cancer cells
might suffer from chromosomal or genomic instabil-
ity [102,103]. The role of polyploidy, like aneuploidy,
is likely to be cell-type and context-dependent with
respect to cancer.Whether or not “professional poly-
ploid cells” such as hepatocytes possess specialized
mechanisms to deal with the cell cycle consequences
of multiple centrosomes is an open question.

As one of the few mammalian organs that are
highly polyploid, the liver exhibits ploidy changes
under stressful conditions such as surgical resection
[57], nonalcoholic steatohepatitis [59], and carbon
tetrachloride injury, indicative of an association
between ploidy change and stress response.
Moreover, it is likely that liver polyploidy plays
a role in buffering against deleterious mutations
and carcinogenesis [74]. These observations suggest
that dynamic changes in ploidy were retained in this
organ to adapt to disease. For these reasons, under-
standing the behavior of ploidy populations is going
to be more than academic. There are still many
unanswered mysteries about hepatic ploidy. How
do polyploid hepatocytes proliferate and are ploidy
reducing cell divisions common? How do polyploid
hepatocytes resolve the issue of multipolar spindles
formed during mitosis [110,114]? What are the dif-
ferences between diploid and polyploid hepatocytes
on the levels of chromosome structure, chromatin
condensation, transcription, and translation? What
conditions are favorable for diploid hepatocytes vs
polyploid hepatocytes? Although polyploidy is pro-
tective against liver cancer when there are acute
mutagenic insults, are they still protective under
real world chronic injury and proliferation scenarios
(Figure 5)? These questions will help us better under-
stand the physiological significance of liver poly-
ploidy, as well as the evolutionary or functional
advantages of polyploidy in other mammalian
organs.
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