Received: 1 May 2018 | Accepted: 26 June 2018

DOI: 10.1111/cas.13717

REVIEW ARTICLE

WIS @ Cancer Science

Tetraploidy in cancer and its possible link to aging

Kozo Tanaka?

| Hidemasa Goto? | Yuhei Nishimura® | Kousuke Kasahara® |

Akira Mizoguchi? | Masaki Inagaki®

Department of Molecular Oncology,
Institute of Development, Aging and
Cancer, Tohoku University, Sendai, Japan

2Department of Neural Regeneration and
Cell Communication, Mie University
Graduate School of Medicine, Tsu, Japan

3Department of Integrative Pharmacology,
Mie University Graduate School of
Medicine, Tsu, Japan

“Department of Physiology, Mie University
Graduate School of Medicine, Tsu, Japan

Correspondence: Kozo Tanaka, Department
of Molecular Oncology, Institute of
Development, Aging and Cancer, Tohoku
University, 4-1 Seiryo-machi, Aobo-ku,
Sendai 980-8575, Japan.
(kozo.tanaka.d2@tohoku.ac.jp)

and

Masaki Inagaki, Department of Physiology,
Mie University Graduate School of Medicine,
2-174 Edobashi, Tsu, Mie 514-8507, Japan
(minagaki@doc.medic.mie-u.ac.jp).

Funding information

Takeda Science Foundation; Naito
Foundation; Japan Society for the Promotion
of Science, Grant/Award Number:
15H02398, 15H04368, 15K08324,
16H01296, 16H06461, 16K14604,
16K08547, 17K08269, 18H02434,
18H04896, 18K06927

1 | INTRODUCTION

Tetraploidy, a condition in which a cell has four homologous sets of chromosomes,
is often seen as a natural physiological condition but is also frequently seen in
pathophysiological conditions such as cancer. Tetraploidy facilitates chromosomal
instability (CIN), which is an elevated level of chromosomal loss and gain that can
cause production of a wide variety of aneuploid cells that carry structural and
numerical aberrations of chromosomes. The resultant genomic heterogeneity sup-
posedly expedites karyotypic evolution that confers oncogenic potential in spite of
the reduced cellular fitness caused by aneuploidy. Recent studies suggest that tetra-
ploidy might also be associated with aging; mice with mutations in an intermediate
filament protein have revealed that these tetraploidy-prone mice exhibit tissue
disorders associated with aging. Cellular senescence and its accompanying senes-
cence-associated secretory phenotype have now emerged as critical factors that link
tetraploidy and tetraploidy-induced CIN with cancer, and possibly with aging. Here,
we review recent findings about how tetraploidy is related to cancer and possibly
to aging, and discuss underlying mechanisms of the relationship, as well as how we
can exploit the properties of cells exhibiting tetraploidy-induced CIN to control
these pathological conditions.
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chromosomes are missing or present in excess. Aneuploidy is gener-
ally considered a pathological condition, which is seen in most cancer

Ploidy is the number of complete sets of chromosomes in the cell.
Eukaryotes generally have two sets, as pairs of homologous chromo-
somes, and this situation is referred to as diploidy. However, there
are occasions in which cells have more than two sets of chromosomes
and this is called polyploidy. Both diploid and polyploid cells can also
have multiples of one complete (haploid) set of chromosomes, collec-
tively called euploidy. In contrast, aneuploidy is a deviation from a

multiple of the haploid chromosome number in which some of the

cells and also suggested to be implicated in aging.> Polyploidy, how-
ever, is not necessarily a pathological condition and can sometimes be
seen in physiological conditions. Polyploidy is commonly seen in
plants, and some specific mammalian cell types become polyploid dur-
ing terminal differentiation, for example, megakaryocytes in the bone
marrow and trophoblasts in the placenta.?®

Tetraploidy is a type of polyploidy in which a single cell has four

sets of chromosomes. Tetraploidy is formed from diploid cells
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through mechanisms such as cell fusion, endoreduplication, mitotic
slippage, or cytokinetic failure, the latter two being the main routes
(Figure 1).2° Mitotic slippage is a phenomenon in which mitotic cells
enter the next cell cycle without undergoing chromosome segrega-
tion and cell division (Figure 2A). The timing of chromosome segre-
gation is regulated by the spindle assembly checkpoint (SAC), which
halts chromosome segregation until all the chromosomes establish
biorientation, that is the attachment of kinetochores on replicated
chromosomes (sister chromatids) to microtubules from opposite spin-
dle poles (Figure 2A).* Mitotic slippage occurs when the SAC-depen-
dent mitotic arrest is sustained due to problems in biorientation
establishment. It also happens when the SAC is defective. Cytoki-
netic failure occurs when the cleavage furrow formation or resolu-
tion is disturbed, resulting in binucleated cells (Figure 2B). It is
known that the chromosomes left at the spindle center when chro-
mosome segregation occurs due to defective kinetochore-microtu-
bule attachments, known as lagging chromosomes, can disturb
cleavage furrow formation, and cause cytokinetic failure (Figure 2B).>

Tetraploidy is a balanced state in terms of gene dosage, in con-
trast to aneuploidy, which is accompanied by unbalanced expression
of genes on the affected chromosomes.® Tetraploidy is commonly
seen in a subset of hepatocytes and cardiomyocytes in physiological
conditions.”® Nevertheless, it is an uncommon and unfavorable
event in other somatic cells; tetraploid fetuses inevitably result in
spontaneous miscarriages.?? It has been shown that tetraploidization
facilitates oncogenic transformation and cancer progression.® Fur-
thermore, our unique mouse model has also suggested an unprece-
dented link between tetraploidy and aging.'®* In this review, we
will introduce the emerging relationship of tetraploidy with cancer
and its possible association with aging, and discuss its role in the
pathogenesis of these states as well as potential therapeutic strate-

gies for their control by exploiting the properties of tetraploid cells.

2 | TETRAPLOIDY AND CANCER

It has been reported that approximately 26% of solid tumors show
tetraploid or near-tetraploid karyotypes.'?> Based on bioinformatic
analyses, whole-genome doubling is estimated to occur in a signifi-
cant proportion of representative solid tumors (range, 11%-64%,;

overall average, ~37%).1°

13,14

This event is highly associated with copy
number aberration and poor prognosis.t>1¢ Under in vitro culti-
vation, tetraploid cells often develop into aneuploid cells.x”"?° Chro-
mosomal instability (CIN), a condition in which chromosome
missegregation occurs at high rates, underlies the appearance of ane-
uploid cells, and recent data suggest that CIN resulting from tetra-
ploidy, but not tetraploidy itself, plays a major role in oncogenesis
(Figure 1).

One important cause of CIN in tetraploid cells is the increase in
the number of centrosomes.?'?2 The centrosome is the main micro-
tubule organizing center in animal cells and comprises the poles of
the bipolar spindle in mitotic cells (Figures 2A and 3A). In cases of

mitotic slippage and cytokinetic failure, the resultant tetraploid cells
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FIGURE 1 Plausible routes from tetraploidy to cancer and aging.
Tetraploid cells are formed from diploid cells mainly through mitotic
slippage and cytokinetic failure. Proliferation of tetraploid cells is
suppressed by p53, but cells that have overcome this barrier show
chromosomal instability (CIN) and develop into aneuploid cells.
Genomic heterogeneity caused by CIN accelerates karyotypic
evolution that confers tumorigenic potential. However, aneuploidy is
generally detrimental to cellular fitness, leading to apoptosis or
cellular senescence. Cellular senescence is primarily an anticancer
mechanism, but senescent cells increase in number with age, and
this might contribute to tissue disorders associated with aging by
compromising functionality and reducing the regenerative potential.
Secretion of various pro-inflammatory proteins from senescent cells,
referred to as the senescence-associated secretory phenotype
(SASP), also promotes both tissue disorders and tumorigenesis. It
was recently shown that senescent cells show stem cell-like gene
expression patterns and exert aggressive growth potential following
release from senescence.””

contain twice as many centrosomes as diploid cells, thus undergoing
mitosis with four centrosomes. To avoid formation of multipolar
spindles and subsequent deleterious multipolar divisions,?® cells clus-
ter the multiple centrosomes into two spindle poles, to allow bipolar
division on the pseudobipolar spindle (Figure 3).18242% However, the
centrosome clustering process increases the formation of erroneous
kinetochore-microtubule attachments, such as syntelic attachment in
which sister kinetochores attach to microtubules from the same
spindle pole, and merotelic attachment where a single kinetochore
attaches to microtubules from both spindle poles (Figures 2B and
3B).% Such erroneous attachments, if they are not corrected before
anaphase onset, result in chromosome missegregation, leading to
CIN. In addition to promoting CIN, a recent report suggested that
centrosome amplification also promotes cellular invasion through
increased centrosomal microtubule nucleation resulting in degrada-
tion of the ECM.%”
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Another reason for the prevalence of CIN in tetraploid cells is
their tolerance to aneuploidy compared to diploid cells.>*¢ Aneu-
ploidy is generally disruptive to cellular fitness due to severe imbal-
ances in gene expression.’® The detrimental effect of gene
expression imbalance is more severe in diploid cells in that the loss
or gain of one chromosome in diploid cells results in 50% decrease
or increase in copy number (from 2 to 1 or 3) of genes on the
chromosome, whereas the change is 25% in tetraploid cells (from 4
to 3 or 5). Therefore, tetraploid cells are more resistant to aneu-
ploidy than diploid cells by buffering the detrimental effects of
chromosomal loss and gain. In a recent stochastic model recapitu-
lating karyotypic evolution in cancer cells, the near-triploid state
commonly seen in cancer cells was shown to be achieved from
both diploid and tetraploid precursors, but tetraploid cells reached
the state more efficiently than diploid cells because the survival
cost to achieve the state is smaller in tetraploid cells compared to
diploid cells.?®

In general, tetraploidization leads to p53 stabilization, resulting

t,29-34 5 or apoptosis,3¢ thus

in cell cycle arres cellular senescence,’
suppressing the proliferation of tetraploid cells (Figure 1). Conse-
quently, aneuploidization after tetraploidization is observed mainly
in p53-inactivated cells.!”*® Under some culture conditions, p53-
positive tetraploid cells can divide and then develop into aneuploid

ones,20'37‘38

partly because enhancement of growth factor signaling
can bypass cell cycle arrest.” Tetraploid cells containing an exces-
sive number of centrosomes are gradually lost from cell popula-
tions,*®38 but tetraploid cells can exhibit CIN even after multiple
passages when the centrosome number is supposedly normal.'®
This suggests that CIN might be driven by the presence of defects
other than excessive centrosome numbers. Tetraploidization
enhances drug resistance not only in cancerous cells, 2% but also
in non-transformed cells.?° Also, tetraploidization confers the ability
of non-transformed cells to form tumors in grafted mice.l”:1%4°

These above effects are probably mediated by tetraploidy-induced
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FIGURE 2 Formation of tetraploid cells.
A, Mitotic slippage is a phenomenon in
which mitotic cells enter into the next cell
cycle without chromosome segregation
and cell division, which can be caused by
prolonged mitotic arrest due to defective
kinetochore-microtubule attachments. B,
Cytokinetic failure occurs when cleavage
furrow formation or resolution is disturbed,
which can be caused by lagging
chromosomes

17,19,20,39

aneuploidization, suggesting that tetraploidy in oncogenic

cells results in karyotypic complexity in the cell population.**42

In summary, tetraploidy is likely a transient intermediate in the
development of CIN. Chromosomal instability is related to drug
resistance, metastasis, and poor prognosis, which may be caused by
intratumor heterogeneity (Figure 1):;**** CIN leads to continuous
chromosome missegregation and formation of a variety of aneuploid
cells. This increases the chance of gaining additional oncogenic
potential, even though aneuploid cells often suffer from various
stresses that reduce their cellular fitness.*> Chromosome missegrega-
tion promotes not only changes in chromosome number, but also
structural changes, such as deletion, amplification, and translocation.
One mechanism is through the formation of micronuclei, which are
compartmentalized chromosome masses isolated from the main
nucleus (Figure 3B). Common origins for micronuclei are lagging
chromosomes resulting from merotelic attachment. Chromosomes in
micronuclei are subjected to DNA damage due to a defective nuclear
membrane of the micronuclei, and fragmented DNAs are lost or
erroneously ligated in the next cell cycle (Figure 3B). This is consid-
ered to be one of the mechanisms generating chromothripsis, which
is characterized by extensive genomic rearrangements confined to
one or few chromosomal regions.*® Chromosomal instability also
promotes DNA damage and genomic instability by several mecha-
nisms, such as cleavage furrow ingression in the presence of lagging
chromosomes and telomere deprotection during prolonged mitotic
arrest.*748

The idea that genomic heterogeneity caused by CIN facilitates
oncogenesis and cancer progression fits well with the cancer clonal

evolution model first proposed by Peter Nowell,*

a theory similar to
Darwinian natural selection.’® Sequencing of whole cancer genomes
has revealed that chromosomal regions enriched in oncogenes tend
to be amplified, whereas those enriched in tumor suppressor genes

t.51

tend to be lost.”* The aforementioned stochastic model recapitulated

karyotypic evolution of cancer cells under conditions in which the
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FIGURE 3 Tetraploidy-induced aneuploidization. A, Left panel:
bipolar spindle of a diploid cell (a primary fibroblast from mouse
neonatal skin). Right panel: pseudobipolar spindle of a tetraploid
cell containing an excessive number of chromosomes (a primary
fibroblast from neonatal skin of a vimentin phosphodeficient
mouse (VIM®54) 1 Scale bar = 5 pum. B, Tetraploid cells
containing excessive numbers of chromosomes avoid deleterious
multipolar mitosis by clustering centrosomes and forming a
pseudobipolar spindle. However, centromere clustering facilitates
the formation of erroneous kinetochore-microtubule attachments
such as syntelic or merotelic attachments, resulting in the
production of aneuploid cells. Chromosomes forming merotelic
attachments can result in the formation of micronuclei through
lagging chromosomes. Chromosomes in micronuclei are often
damaged, which triggers activation of the cyclic GMP-AMP
synthase-stimulator of interferon genes (cGAS-STING) pathway
that leads to senescence-associated secretory phenotype (SASP)
induction
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chromosome missegregation rate was optimal for balancing genomic

heterogeneity and clonal survival.?®

3 | POTENTIAL ASSOCIATION OF
TETRAPLOIDY WITH AGING

In addition to the relationship between tetraploidy and cancer, an
unexpected link between tetraploidy and aging has been recently
proposed in a mouse model.1%* The tetraploidy-prone mice had not
existed before 2013,1° partly because whole-genome doubling leads
to spontaneous miscarriages.>? To overcome this difficulty, we used
an alternative strategy in which unscheduled tetraploidy was induced
in a tissue-specific manner.° Before explaining our strategy, we will
briefly introduce intermediate filaments (IFs) and their constituent
proteins (IF proteins).

Together with microtubules and actin filaments, IFs form the
cytoskeletal network in the cytoplasm of virtually all vertebrate
cells.>252 Unlike the other two major cytoskeletal network proteins,
IF proteins are expressed in a cell-type and tissue-specific man-
ner.>?> |ntermediate filament reorganization is regulated largely by
IF protein phosphorylation.>*>” A series of studies using cultured
cells have shown that compromising IF protein phosphorylation dur-
ing mitosis induces cytokinetic failure by the retention of an IF
bridge-like structure (referred to as an IF bridge) connecting the
two daughter cells, resulting in binucleation/tetraploidization
(Figure 4A,B).>¢>?

As the IF protein vimentin is expressed in all mesenchymal cells,
with the eye lens being the tissue containing by far the highest

levels,>253:60

we produced genetically modified mice in which vimen-
tin mutated at mitosis-specific phosphorylation sites is expressed
instead of WT vimentin.'° In these phosphodeficient mice, unsched-
uled binucleation (tetraploidization) is induced in cells in which
vimentin is highly expressed, such as lens epithelial cells'® and sub-
cutaneous fibroblastic/adipose cells.** The level of p53 is elevated in
these tetraploid cells,** suggesting that the p53 pathway likely func-
tions in these mice. However, in the phosphodeficient mice, the tet-

1011 5 similar

raploid cells continue to divide and develop aneuploidy,
phenomenon observed in cancer (see section 2). Such aneuploid cells
accumulate DNA damage and, in turn, become senescent.’® Our
mice, in which cytokinetic failure induces unscheduled tetraploidy,
show several tissue-specific phenotypes such as lens cataracts,'®
impaired wound healing, subcutaneous fat loss,** and lordokyphosis
(Figure 4C-F; M. Inagaki, unpublished observation). These pheno-
types were also observed in progeroid mice.61¢2

Cellular senescence is characterized by irreversible cell cycle
arrest induced by various cellular stresses, such as oncogenic activa-
tion or DNA damage.®® Aneuploidy promotes cellular senescence
supposedly through DNA damage (Figure 1).°*%° Cellular senescence
works primarily as an anticancer mechanism by preventing the prolif-
eration of damaged, precancerous cells and promoting their removal
by the immune system (Figure 1).°® However, senescent cells accu-

mulate with age due to their increased production and reduced
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clearance and might contribute to tissue disorders by compromising
functionality and reducing the regenerative potential (Figure 1). In
addition, it has been revealed that secretion of various pro-inflamma-
tory proteins by senescent cells, referred to as the senescence-asso-
ciated secretory phenotype (SASP), plays a crucial role in tissue
disorders (Figure 1).%”

In support of our observations in the tetraploidy-prone mice, the
population of tetraploid cells is elevated at several organs during
normal aging.?®®’ For example, some hepatocytes increase their
ploidy, becoming tetraploid and octoploid, during the aging pro-
cess.”®” In the liver, some polyploid cells are likely to develop into
aneuploid ones.'? The phenotypes of our mice resemble those of
aneuploidy-prone mice such as BubR1-hypomorphic®! or Bub3/Rael-
haploinsufficient’? mice. Therefore, tetraploidization contributes to
progeroid phenotype probably through aneuploidization. It should be
noted, however, that it has not been evaluated in detail whether tet-
raploid cells increase with age in other organs in general.

The link between tetraploidy and cellular senescence is also sug-
gested in zebrafish, an attractive animal model for various human
diseases including cancer’® and age-related disorders.”* It has been
reported that tetraploid cardiomyocytes increase in prevalence with
age and that cardiomyocyte regeneration is lost with age in mam-

75,76 A

mals. recent report verified the relationship between

%
IF bridge

Tetraploid cell

FIGURE 4 Tissue-specific phenotypes
associated with aging in vimentin
phosphodeficient mice (VIMS54). A,
Schematic diagram depicting
tetraploidization by a phosphodefective
vimentin mutant. B, Cultured cells
expressing phosphodefective intermediate
filament (IF) mutants. Left, cells with an IF
bridge.57 Right, binucleated cell>® C, Lens
cataract in a VIM®*A mouse.’%°¢ D,
Impaired wound healing in a VI
mouse. ™ E, Subcutaneous fat loss in a
VIM®*A mouse (14 months).** F,
Lordokyphosis in a VIM®>A mouse. Scale
bar = 10 pm (B) or 200 pm (E)
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tetraploidy and cardiomyocyte regeneration in zebrafish by inhibiting
epithelial cell transforming sequence 2 oncogene (ECT2), a major
player in cytokinesis regulated by Rho GTPases’” and in DNA dam-
age responses.”® Knockdown of ECT2 induced senescence markers
in a spontaneously immortalized non-transformed mammary epithe-
lial cell line with a KRAS mutation.” In adult zebrafish, transient
inhibition of Ect2 increased tetraploidy in the heart and inhibited
regeneration after apical ventricular resection.® These findings sug-
gest that increased tetraploidy of cardiomyocytes and resultant
decreased regeneration is a phenotype related to cellular senes-
cence. Another example is condensin, altered expression of which
has been linked to cancer and cellular senescence. Condensin is a
highly conserved complex composed of two subunits of the struc-
tural maintenance of chromosome (SMC) family of proteins plus
three non-SMC subunits. The expression of condensin is often
increased in human cancer cells, potentially conferring resistance to
DNA replication stress and DNA damage®! During aging, the
expression of Alu and SINE retrotransposon RNAs is increased in
human stem cells, which prevents recruitment of condensin to the
chromatin structure and causes persistent DNA damage checkpoint
activation and senescence.®? In zebrafish, mutation of the non-SMC
subunit of condensin increased tetraploidy and the rate of apoptosis

in retinal progenitor cells, but not in postmitotic retinal cells at
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3 days postfertilization.®3 The results are consistent with the func-
tional role of condensin in the regulation of chromosomal organiza-
tion of mitotic cells.®* The results are also consistent with previous
reports showing that tetraploidization can induce apoptosis.>® These
results suggest that apoptosis in the retina of developing zebrafish is
one of the phenotypes caused by unscheduled tetraploidy that may
be related to cellular senescence.

4 | TETRAPLOIDY-INDUCED TISSUE
DISORDERS AND CANCER

Tetraploidy is found in various human tissues with varying frequen-
cies that can be greater than those of chromosome missegregation.®*
Therefore, tetraploidy through whole-genome duplication is sup-
posed to be an efficient and important route to aneuploidization by
promoting the CIN that contributes to the pathogenesis of cancer
and tissue disorders associated with aging. Cellular senescence is a
key phenomenon that links cancer and aging. Although cellular
senescence is an anticancer mechanism, increased senescent cells in
aged tissues can provide a milieu for tumor progression by secreting
SASP factors,2> which trigger inflammation that can promote tumori-
genesis (Figure 1).2¢

Recent studies have revealed that activation of the cyclic GMP-
AMP synthase-stimulator of interferon genes (cGAS-STING) cytosolic
DNA-sensing pathway is a mechanism for SASP induction in cells
showing CIN. The cGAS-STING pathway is involved in the innate
immune response, which is triggered by dsDNA, derived from patho-
gens, in the cytoplasm.®” In cells showing CIN, an origin of frag-
mented DNA that can activate the cGAS-STING pathway is the
DNA in micronuclei that is exposed to the cytoplasm due to nuclear
membrane collapse (Figure 3B),2%87 which occurs in more than half
of the micronuclei.?® Cytoplasmic chromatin fragments released from
nuclei through the disintegrated nuclear membrane after DNA dam-
age in senescent cells can also activate the pathway.”! The cGAS-
STING pathway promotes the SASP program and triggers inflamma-
tion in senescence and cancer. Another report has shown that CIN
also facilitates cancer metastasis through SASP induction by frag-
mented DNA in micronuclei.”? These findings suggest an important
role for CIN in cancer and tissue disorders associated with aging
through SASP induction.

Many chemotherapeutic drugs act by inducing severe DNA dam-
age in tumor cells and thus triggering apoptosis or cellular senes-
cence. Considering that cancer cells showing CIN suffer from
reduced cellular fitness, promoting CIN over a tolerable level for can-
cer cells is now proposed as a promising anticancer strategy to selec-
tively eradicate cancer cells.”® For tetraploid cancer cells carrying
extra centrosomes, perturbing centrosome clustering can cause mul-
tipolar spindle formation followed by catastrophic mitosis.”* How-
ever, promoting CIN is a double-edged sword and can accelerate
production of a malignant phenotype by increasing genomic hetero-
geneity and inducing SASP. Intriguingly, it was recently reported that

senescent cells show a stem cell-like gene expression pattern, which
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exerts aggressive growth potential following release from senescence
(Figure 1).%° In this regard, purging of senescent cells, termed senoly-
sis, or inhibition of SASP induction, have now emerged as novel
strategies for cancer treatment.8> These approaches also show pro-
mise for suppressing aging-related disorders®® but, again, we have to
bear in mind that senescence and SASP also have beneficial func-
tions, such as wound healing and tissue regeneration. Furthermore,
inflammation caused by SASP is implicated in the efficacy of
anticancer therapy itself.?® Another caveat is that the response to
tetraploidy and tetraploidy-induced aneuploidy is highly context-
dependent. Whole-genome doubling (tetraploidization) widely
occurred during evolution.?”?? In hepatocytes and neurons, it has
been speculated that tetraploidy and tetraploidy-induced aneuploidy
provide beneficial phenotypic diversity.1°>1°? At least in yeast, poly-
ploidization (tetraploidization) can induce beneficial mutations lead-
ing to environmental adaptation.!®? A recent report suggested that

3

tetraploidy in hepatocytes is rather tumor-suppressive,’°® indicating

a complex relationship between tetraploidy and cancer.

5 | CONCLUSION

There has been a long-standing debate as to whether CIN is a cause
of cancer. From the current viewpoint, we can understand that previ-
ous conflicting results on the effect of CIN on tumorigenesis repre-
sented two sides of a coin: reduced cellular fitness of aneuploid cells
and genomic heterogeneity, both resulting from CIN. Induction of
SASP has now been recognized as an additional critical role of CIN in
tumorigenesis. Whether CIN promotes or suppresses tumorigenesis
could be determined by cellular context. As tetraploidy both promotes
CIN and ameliorates decline in cellular fitness, it is suggested to be a
faster path to tumorigenesis. The relationship of tetraploidy with
aging is less well understood, as is the link between aneuploidy and
aging. For further understanding of these, a comprehensive character-
ization of tetraploidy in physiological aging and elucidation of its
underlying cause is necessary. At the same time, studies using animal
models will facilitate the unraveling of the relationship of tetraploidy
with aging and tissue disorders associated with aging. In particular,
analysis of different IF protein mutant mice would be informative,
especially because differential expression patterns of respective IF
proteins provide an opportunity to dissect the effects of tetraploidy
on disorders associated with aging in different tissues.>® The reason
why tetraploidy is both beneficial and detrimental for cellular fitness,
depending on cellular context, is also an important unanswered ques-
tion. For the treatment of cancer, tetraploidy and CIN are promising
targets for selective therapy, and clarifying the complicated relation-
ship between CIN, cancer, and aging is crucial for developing optimal
anticancer strategies as well as for mitigating aging-related disorders.
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