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Abstract: Whole-genome duplication (WGD) is one of the most common genomic abnormalities in
cancers. WGD can provide a source of redundant genes to buffer the deleterious effect of somatic
alterations and facilitate clonal evolution in cancer cells. The extra DNA and centrosome burden
after WGD is associated with an elevation of genome instability. Causes of genome instability are
multifaceted and occur throughout the cell cycle. Among these are DNA damage caused by the
abortive mitosis that initially triggers tetraploidization, replication stress and DNA damage associated
with an enlarged genome, and chromosomal instability during the subsequent mitosis in the presence
of extra centrosomes and altered spindle morphology. Here, we chronicle the events after WGD,
from tetraploidization instigated by abortive mitosis including mitotic slippage and cytokinesis
failure to the replication of the tetraploid genome, and finally, to the mitosis in the presence of
supernumerary centrosomes. A recurring theme is the ability of some cancer cells to overcome the
obstacles in place for preventing WGD. The underlying mechanisms range from the attenuation of
the p53-dependent G1 checkpoint to enabling pseudobipolar spindle formation via the clustering
of supernumerary centrosomes. These survival tactics and the resulting genome instability confer
a subset of polyploid cancer cells proliferative advantage over their diploid counterparts and the
development of therapeutic resistance.
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1. Introduction: Whole-Genome Duplication in Normal and Cancer Cells

The propagation of diploid genomes requires meticulous control of genome duplica-
tion and chromosome segregation. Limiting genome duplication to once per cell cycle is
critical for maintaining genome stability in human cells. Errors in this process can trigger
various types of genome damage and instability. A dramatic example of genome instability
involves whole-genome duplication (WGD) in which the entire genome is doubled to create
a tetraploid. WGD is one of the most common genomic abnormalities in cancers [1]. The
genome is intrinsically unstable after WGD, both due to DNA damage during interphase
as well as the frequent unequal segregation of chromosomes during mitosis.

Paradoxically, polyploids can be found in a subset of normal cell types including
hepatocytes, megakaryocytes, myoblasts, and trophoblasts [2]. Mechanisms including
cell fusion, endomitosis, endoreplication, and cytokinesis failure can generate polyploids
through uncoupling of the checkpoint pathways that halt cell cycle progression or induce
apoptosis after WGD [3]. Many cancer cells, however, develop mechanisms that can
overcome these checkpoints. Moreover, they can often execute relatively faithful mitosis in
the presence of extra centrosomes.

Here, we will chronicle the events following WGD in human cells. Starting from
abortive mitosis, tetraploids can proceed to the replication of the tetraploid genome and
eventually into mitosis in the presence of supernumerary centrosomes. We will detail the
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current understanding of the genome instability associated with WGD that may allow
cancer cell evolution and increase in fitness. Strategies such as centrosome clustering that
enable some cancer cells to maintain a relatively stable genome after WGD will also be
discussed. Finally, how WGD can be exploited in cancer therapies will be highlighted.

2. Mitotic Failures Leading to WGD

Several abnormal mitotic processes including mitotic slippage or cytokinesis failure
can trigger WGD (Figure 1). Underlying these mitotic defects are various chromosome
segregation problems. For example, unattached or incorrectly attached kinetochores to
the spindles can delay mitotic exit and eventually induce mitotic slippage. Likewise,
chromosome segregation errors can promote cleavage furrow regression and facilitate
cytokinesis failure. Here, we will focus on tetraploidization induced after abortive mitosis
in human cells. Readers are referred to recent reviews for more information on other
tetraploidization mechanisms in cancer cells such as endoreduplication or virus-mediated
cell–cell fusion [4,5].
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Figure 1. Genome instability following mitotic failure and WGD. Multiple opportunities are present 
throughout the cell cycle after mitotic failure for triggering genome instability. Cell cycle phases are 
indicated at the top and the associated genome instability is indicated at the bottom. Cells can exit 
mitosis without proper division through mitotic slippage or cytokinesis failure. In either case, the 
tetraploid G1 cells receive double the number of chromosomes and centrosomes compared to dip-
loid G1 cells. A p53-dependent G1 checkpoint is induced due to DNA damage triggered by the abor-
tive mitosis or through extra centrosome-mediated activation of PIDDosome or Hippo pathways. 
In the absence of the p53-dependent checkpoint, the cells can duplicate the DNA and centrosomes 
(red dots). Nonetheless, DNA damage is produced during S phase due to replication stress. In tet-
raploids derived from cytokinesis failure, DNA damage can also be induced in the G2 nucleus, 
which is forced into premature mitosis due to exposure to the mitotic environment of the neighbor-
ing nucleus within the same cell. Finally, the presence of supernumerary centrosomes can result in 
multipolar spindles during the following mitosis. Alternatively, pseudobipolar spindles can be 
formed by the clustering or inactivation (not shown in the Figure) of centrosomes. The high rate of 
syntelic and merotelic attachments in both multipolar and pseudobipolar mitosis promotes chro-
matin bridges and lagging chromosomes during anaphase. Chromatin bridges and lagging chro-
mosomes contribute to genome instability by causing CIN and the formation of micronuclei, which 
act as yet another source of DNA damage and genome instability (other possible outcomes of mul-
tipolar and pseudobipolar mitosis are not shown). See text for details. 

Mitotic entry is driven by an engine composed of cyclin-dependent kinase 1 (CDK1) 
and its activating subunit cyclin B1 [6]. At the end of mitosis, cyclin B1 is destroyed by the 
ubiquitin ligase anaphase-promoting complex/cyclosome (APC/C) loaded with the target-
ing subunit CDC20 [7]. Activated cyclin B1–CDK1 mediates its own destruction by stim-
ulating the activity of APC/CCDC20. The degradation of other proteins by APC/C also facil-
itates mitotic exit and progression into the next cell cycle. For example, the degradation of 
securin releases separase, which in turn cleaves cohesin complexes to facilitate sister chro-
matid separation [8]. APC/C-dependent proteolysis of geminin releases CDT1, enabling 

Figure 1. Genome instability following mitotic failure and WGD. Multiple opportunities are present
throughout the cell cycle after mitotic failure for triggering genome instability. Cell cycle phases are
indicated at the top and the associated genome instability is indicated at the bottom. Cells can exit
mitosis without proper division through mitotic slippage or cytokinesis failure. In either case, the
tetraploid G1 cells receive double the number of chromosomes and centrosomes compared to diploid
G1 cells. A p53-dependent G1 checkpoint is induced due to DNA damage triggered by the abortive
mitosis or through extra centrosome-mediated activation of PIDDosome or Hippo pathways. In the
absence of the p53-dependent checkpoint, the cells can duplicate the DNA and centrosomes (red
dots). Nonetheless, DNA damage is produced during S phase due to replication stress. In tetraploids
derived from cytokinesis failure, DNA damage can also be induced in the G2 nucleus, which is forced
into premature mitosis due to exposure to the mitotic environment of the neighboring nucleus within
the same cell. Finally, the presence of supernumerary centrosomes can result in multipolar spindles
during the following mitosis. Alternatively, pseudobipolar spindles can be formed by the clustering
or inactivation (not shown in the Figure) of centrosomes. The high rate of syntelic and merotelic
attachments in both multipolar and pseudobipolar mitosis promotes chromatin bridges and lagging
chromosomes during anaphase. Chromatin bridges and lagging chromosomes contribute to genome
instability by causing CIN and the formation of micronuclei, which act as yet another source of DNA
damage and genome instability (other possible outcomes of multipolar and pseudobipolar mitosis
are not shown). See text for details.

Mitotic entry is driven by an engine composed of cyclin-dependent kinase 1 (CDK1)
and its activating subunit cyclin B1 [6]. At the end of mitosis, cyclin B1 is destroyed by
the ubiquitin ligase anaphase-promoting complex/cyclosome (APC/C) loaded with the
targeting subunit CDC20 [7]. Activated cyclin B1–CDK1 mediates its own destruction by
stimulating the activity of APC/CCDC20. The degradation of other proteins by APC/C
also facilitates mitotic exit and progression into the next cell cycle. For example, the
degradation of securin releases separase, which in turn cleaves cohesin complexes to
facilitate sister chromatid separation [8]. APC/C-dependent proteolysis of geminin releases
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CDT1, enabling CDT1 to form the prereplicative complex for licensing the next round of
DNA replication [9].

During normal mitosis, the dynamic nature of microtubules facilitates the efficient cap-
turing of kinetochores by the spindles. Activation of APC/CCDC20 is initiated only when all
the chromosomes have achieved accurate bipolar attachment to the spindles. Unattached
kinetochores or the absence of tension between the paired kinetochores activates a spindle-
assembly checkpoint (SAC), which inhibits APC/CCDC20 through the conversion of MAD2
from an open conformation (O-MAD2) to a closed conformation (C-MAD2). This helps to
maintain an active cyclin B1–CDK1 environment during mitosis [10]. Once all the kineto-
chores are properly attached, new C-MAD2 is no longer generated from the kinetochores.
The existing C-MAD2 is converted back to O-MAD2 by a process involving p31comet and
TRIP13 [11]. These mechanisms release APC/CCDC20 from inhibition by the SAC, allowing
the cell to exit mitosis.

Agents that disrupt microtubule dynamics can lead to protracted activation of the SAC
and mitotic arrest [12]. Classic examples include spindle poisons that attenuate microtubule
depolymerization or polymerization (e.g., taxanes and vinca alkaloid, respectively). The
outcome after prolonged mitotic arrest varies greatly between different cancer cell lines
as well as between individual cells from the same cell line [13]. Apoptosis can be induced
during mitotic arrest, possibly due to the progressive accumulation of apoptotic activators
and/or the loss of apoptotic inhibitors, although the precise identities of these mitotic death
signals remain elusive [14]. On the other hand, cells can exit mitosis precociously without
proper chromosome segregation and cytokinesis in a process termed mitotic slippage. The
central event of mitotic slippage appears to be a gradual degradation of cyclin B1 [15],
correlated with a weakening of the SAC over the course of mitotic arrest [16]. Competition
between the rate of cyclin B1 degradation (which affects the rate of mitotic slippage) and
the accumulation of death signals (which affects the rate of mitotic cell death) is likely to
determine the fate of a cell during prolonged mitotic arrest [13]. Cell death occurring both
during mitotic arrest and following mitotic slippage is termed mitotic catastrophe [17]. An
important implication is that if additional checkpoints are not present (see below), cells
can evade mitotic catastrophe by undergoing WGD. Subsequent genome duplication and
mitosis pave the way to further genome instability.

Cytokinesis failure is another major route towards WGD. Physical hindrance including
chromosome nondisjunction [18] and chromatin bridges [19] can delay cytokinesis and
promote cleavage furrow regression. Aurora B appears to be part of the sensor that
responds to unsegregated chromatin at the cleavage site [19]. It has been estimated that
these chromosomal segregation defects occur at a remarkably high frequency of ~1% in
dividing somatic cells and at an even higher incidence in transformed cells [20,21]. A
major culprit of chromatin bridges and lagging chromosomes is merotelic chromosome
attachment (when a kinetochore is attached to microtubules emanated from two spindle
poles). As merotelic attachment can satisfy the SAC, anaphase can be carried out even with
incorrect spindle attachment [22].

Another causal factor of cytokinesis failure is the presence of damaged DNA during
mitosis. The G2 DNA damage checkpoint normally prevents mitotic entry after DNA
damage [23]. Deficiency of the checkpoint enables mitosis to occur in the presence of
damaged DNA, and as a result, often generates chromosome fragments or entire lagging
chromosomes that obstruct cytokinesis [24]. In fact, cells receiving persistent DNA damage
can bypass mitosis entirely and undergo WGD [25]. Furthermore, the incorrect fusion of
chromosomes during the repair of double-stand breaks (DSBs) can lead to the formation of
chromatin bridges [26].

3. Overcoming G1 Checkpoint Arrest after Mitotic Failure

After mitotic slippage or cytokinesis failure, the first hurdle that tetraploids need to
overcome is to pass through the G1 restriction point to initiate DNA replication [27]. It was
initially proposed that cells are prevented from entering S phase following mitotic slippage
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or cytokinesis failure by a p53-dependent tetraploidy checkpoint [28]. Nevertheless, the
nature of this checkpoint has since been disputed [29–31]. Instead of detecting the increase
in ploidy per se, it is likely that the p53-dependent G1 arrest and/or senescence after
tetraploidization is due to DNA damage inflicted during the previous aberrant mitosis [32].
Hence, the checkpoint may, at least in part, be a DNA damage checkpoint instead of one that
detects extra chromosomes. Furthermore, p53 can also be activated after tetraploidization
by extra centrosomes independent of DNA damage (see below).

More recent attempts to standardize various types of cell death defined mitotic catastro-
phe as cell death or irreversible cell cycle arrest associated with aberrant mitotic activity [33].
As G1 arrest after tetraploidization is generally a response to the previous dysregulated
mitosis, it can also be classified as mitotic catastrophe.

The classic G1 DNA damage checkpoint involves the inhibition of CDK2 by the
p53-p21CIP1/WAF1 pathway. In essence, DNA damage activates sensors that facilitate the
activation of the PI-3 (phosphoinositide 3-kinase)-related protein kinases ATM and ATR.
ATM/ATR then activates CHK1 or CHK2 and together activate and stabilize p53 by reliev-
ing MDM2-mediated inhibition, culminating in the accumulation of the p53 transcriptional
target p21CIP1/WAF1 and the inhibition of G1 cyclin–CDK2 complexes. As phosphorylation
of pRb by several G1 cyclin–CDK pairs (cyclin D–CDK4/6, cyclin E–CDK2, and cyclin A–
CDK2) is required to release the transcription factor E2F for G1-S transition, the inhibition
of cyclin–CDK2 complexes by p21CIP1/WAF1 leads to G1 arrest [34]. Transcriptome profiling
revealed signatures of p53 pathway activation at the early stages of tetraploidization [35].
Accordingly, G1 arrest after tetraploidization has been shown to be overcome by overex-
pression of cyclin D2 [35] or CDK2 [36]. As another crucial tumor-suppressing function of
p53 is in the activation of apoptosis, the suppression of WGD by the p53 pathway is also
likely to rely on apoptosis [37].

The p53 pathway can also be activated by excessive centrosomes independent of DNA
damage. Extra centrosomes activate p53 by stimulating the activity of the PIDDosome
multiprotein complex, leading to caspase-2-mediated cleavage of MDM2 [38]. Extra cen-
trosomes in tetraploids also activate the Hippo pathway. After cytokinesis failure, extra
centrosomes alter small G protein signaling (including RHOA and RAC1) to promote the
activation of LATS2 kinase [39]. In addition to inhibiting the transcriptional regulators YAP
and TAZ in the canonical Hippo pathway, active LATS2 then binds and inhibits MDM2,
thereby indirectly leading to the stabilization of p53 [40].

In agreement with the crucial role of p53 in preventing the proliferation of tetraploids,
the depletion of p53 in nontransformed RPE1 cells allows tetraploids to enter S phase
after cytokinesis failure [39]. Downregulation of p53 can rescue tetraploid development in
mice [41]. The absence of p53 also acts synergistically with tetraploidization to promote
aneuploidy and tumorigenesis in mouse mammary epithelial cells [31].

Not all WGD cancers have a compromised p53 pathway. Despite the fact that p53
mutations and WGD are two of the most common molecular abnormalities in cancer, nearly
half of the WGD cancers contain wild-type p53 [1]. Among these, more than 30% of the
wild-type p53 WGD-positive cancers do harbor defects in the pRb-E2F pathway including
pRb mutations and cyclin E amplification [1]. In other words, more than 30% of WGD
cancers in fact have an intact G1 DNA damage checkpoint. Why some cancer cells can
circumvent the p53-dependent checkpoint after WGD is a major unanswered question.

Mounting evidence indicates that whether the G1 DNA damage checkpoint is acti-
vated after tetraploidization is, at least in some cases, inextricably linked to the way that
tetraploids are generated. For example, mitotic slippage is typically induced experimen-
tally by exposing cells to microtubule inhibitors. During prolonged mitotic arrest, DNA
damage is induced at telomeres in these cells due to telomere deprotection [42]. By contrast,
inducing cytokinesis failure experimentally does not necessarily involve prolonged mitotic
arrest and therefore is not coupled with DNA damage in the following G1 [29–31].
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4. Genome Instability during the First Interphase after Mitotic Failure

Studies with yeast [43,44] and mammalian cells [31,45] have provided compelling evi-
dence that WGD increases genome instability. A seminal study by Fujiwara et al. indicates
that tetraploidization of p53-null mouse mammary epithelial cells induces aneuploidy and
tumorigenesis [31]. As described above, the presence of p53 normally suppresses S phase
entry in tetraploids. During the early stages of tetraploidization, the lack of p53 promotes
the survival of chromosomally unstable subtetraploids, leading to genome instability and
transformation [46].

It has become increasingly clear that WGD-mediated genome instability is induced
as early as in the interphase immediately following tetraploidization. The mitotic defects
that result in mitotic failure and tetraploidization are sources of DNA damage. For ex-
ample, cells undergoing protracted mitotic arrest such as after exposure to microtubule
inhibitors develop DNA damage at telomeres due to telomere deprotection from the loss
of the shelterin complex [42]. The depletion of telomeres can produce dicentric chromo-
somes, which develop into chromatin bridges connecting the daughter cells and finally
acquire DSBs through nuclear envelope rupture and exposure to cytosolic nucleases during
interphase [47].

DNA trapped in the cytokinesis furrow might break and thereby trigger a DNA dam-
age response in the daughter cells [48]. In normal human cells, the abscission checkpoint is
responsible for delaying the final abscission of the intercellular canal that connects the two
daughter cells until chromatin bridges are resolved [49]. The checkpoint involves Aurora B
activity at the midzone and stabilization of the cytoplasmic canal [50]. Checkpoint-deficient
cells or cells with unstable intercellular canals can result in chromosome breakage by the
abscission machinery [50]. Cleavage furrow regression can also occur in the presence of
lagging chromosomes or after unsuccessful resolution of chromatin bridges, producing
tetraploid G1 cells [19,51].

A variety of mitotic perturbations including cytokinesis failure can precipitate replica-
tion stress during the subsequent S phase, giving rise to DSBs in the daughter cells [52].
High rates of DNA damage that occur during S phase after tetraploidization are caused
by perturbation of DNA replication dynamics [53,54]. This is attributed to a shortage of
proteins necessary for DNA replication, contrary to what is expected from the doubling of
RNA and protein contents after WGD [53]. Consistent with this notion, overexpression of
the transcription factor E2F1 (which positively regulates many DNA replication factors)
can alleviate the levels of DNA damage in tetraploids [53]. This is also consistent with
the upregulation of gene expression of the DNA repair pathways after WGD in mouse
fibroblasts [55] and tetraploid primary cancers [53].

5. Mechanisms for Mitigating Supernumerary Centrosomes after WGD

Centrosomes are formed by a pair of centrioles surrounded by amorphous pericentri-
olar material (PCM). Each daughter cell receives one centrosome after mitosis. After the
physical splitting of paired centrioles (centriole disengagement) during telophase/early G1,
the centrosome linker is then established during G1 (including recruitment of C-Nap1 and
rootletin). During S and G2, centrioles are duplicated and progressively recruit critical PCM
components. At late G2, the two fully mature centrosomes separate through centrosome
disjunction (dissolving of centrosome linker) and, finally, centrosome separation [56].

Centrosome duplication is highly choreographed during the cell cycle to ensure cen-
trosomes are duplicated only once per cell cycle. Major upstream regulators of centrosome
duplication include the polo-like kinase PLK4 [57]. The G1-specific cyclin E–CDK2 com-
plexes are at least in part responsible for the coordinated initiation of centrosome and DNA
duplication [58,59]. Accordingly, the inhibition of CDK2 activity by the p53-dependent
checkpoint (see above) prevents both DNA replication and centrosome duplication after
tetraploidization [60]. A direct role of p53 in the regulation of centrosome duplication has
also been proposed [61].
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Supernumerary centrosomes are generally poorly tolerated in human cells due to the
resulting multipolar mitosis. Nevertheless, a subset of tetraploids possess mechanisms
to either silence or coalesce excess centrosomes, enabling them to undergo bipolar mi-
tosis [62]. In addition to tetraploidization, supernumerary centrosomes can be acquired
by a process of centrosome amplification, when centrosomes duplicate more than once
per cell cycle [63]. It should be noted that our limited knowledge on the determinants
of centrosome inactivation and clustering is obtained from studies using both WGD and
centrosome amplification models. A potential caveat is that the mechanisms of mitigating
supernumerary centrosomes in the two conditions may not be identical.

In their seminal work, Basto et al. reported that supernumerary centrosomes can
be partially inactivated in Drosophila neuroblasts [64]. The silenced centrosomes exhibit
reduced PCM assembly and capacity to form microtubule aster. Similarly, extra centro-
somes are inactivated in Sak (Drosophila homologue of PLK4)-overexpressing disc cells.
Co-overexpression of moesin (a member of the ERM complex involved in regulating cortical
contractility) restores the recruitment of centrosomal proteins to the silenced centrosomes
and leads to abnormal spindle formation [65]. How cell cortex organization is linked to
centrosome inactivation remains to be established. While some events including phos-
phorylation [66] and interaction of tubulin with the centrosomal protein CPAP [67] are
known to regulate the recruitment of PCM proteins to centrosomes, the process is likely to
be regulated by multiple factors progressively during the cell cycle.

Compared to centrosome inactivation, more studies have been focused on potential
regulators of centrosome clustering after WGD. Nonetheless, it should be emphasized that,
as clustered interphase centrosomes tend to contain altered microtubule nucleation, it is
possible that centrosome clustering is in part regulated by centrosome inactivation initiated
during interphase [67,68]. Pioneering work by Quintyne et al. revealed that supernumerary
centrosomes can be clustered to form pseudobipolar spindles [69]. Subsequently, several
genome-wide RNAi screens in Drosophila and mammalian models were performed in
search of regulators of the process. These analyses used either cells that contained extra
centrosomes (Drosophila S2 [70,71] and oral squamous cell carcinoma UPCI-SCC-114 [72])
or colon adenocarcinoma DLD1 cells that had undergone cytokinesis failure [73]. These
putative regulators of centrosome clustering are summarized in Table 1. A striking feature
of these results is the diversity of proteins being implicated, underscoring the intricate
linkages between centrosome clustering to many processes.

A major class of suppressors of multipolar spindle formation is microtubule motor
proteins. For example, the minus-end-directed mitotic kinesin KIFC1 (HSET) has long been
known to mediate centrosome clustering in cells harboring excessive centrosomes [74,75].
This is countered by outward forces between centrosomes generated from the antagonistic
plus-end-directed mitotic kinesins KIF11 (kinesin-5; Eg5) and KIF15. In this connection,
APC/C is believed to be a regulator of centrosome clustering through KIF11 degrada-
tion [73]. The minus-end-directed motor dynein–dynactin further provides inward forces
that pull extra centrosomes together [69]. The effects of some kinesins on centrosome
clustering may be more indirect. For example, KIF23 is involved in the formation of cleav-
age furrow during cytokinesis. It is possible that KIF23 (and other potential regulators of
centrosome clustering that are involved in cytokinesis such as Anillin, ECT2, and PRC1;
Table 1) promotes multipolar mitosis due to the consequence of cytokinesis failure of the
previous mitosis.

Finally, it is possible that centrosome clustering can be influenced by the physical
environment after tetraploidization. There is evidence that the polyploid chromosomes
themselves can act as a physical barrier to reduce centrosome clustering [76].
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Table 1. Regulators of clustering of supernumerary centrosomes.

Processes Proteins Centrosome
Clustering

RNAi
Screens References Processes Proteins Centrosome

Clustering
RNAi

Screens References

Actin-related ARP3 + K CENP-T + L
Cofilin − [77] INCENP + G, L
LIMK2 + D MAD2 + K [64]

MYHK-IIb + D MPS1 +
MYLK + D NDC80 + L

MYO9B + D RCC1 + K
MYO10 + [78] SKA1 + D
MYO15 + K SKA2 + D
RhoA + K SKA3 + D
TESK1 + D SPC24 + L
WASL + K SPC25 + L

Augmin HAUS1 + L SPINDLY + D
HAUS3 + L Survivin + L
HAUS6 + L [75,79] Microtubule-

related ASPM + K

Centrosome AURKA + [80] CKAP5/ch-
TOG + K, L [81]

Calmodulin-1 + K, D CLIP-170 + K
Calmodulin-3 + K, D FES + D

CEP110 + [82] HURP + [83]
CEP164 + L TACC + K [81]
CEP215 + [74] MAST1 + D
CPAP + [67] MAST4 + D
HSP70 + [84] TPX2 + L
NEK6 + [84] Tubulin + K, L
NuMA − [69] Miscellaneous CERT1 + D
PLK4 + D KCC2G + D

Cell adhesion CDH11 + L IFT52 + [85]
DDR2 + D IFT88 + [85]

E-cadherin − [86] LGN + [78]
Keratin-5 − [87] MLKL + D

MPP2 + D PRPS1 + D
MPP3 + D TSSK6 + D

PEAK1 + D Signaling CAMK2α + D
Periostin + L CAMK2δ + K

Plakoglobin − [87] CDK1/2 + [88]
Tenascin-X + L ILK + [81]

VE-cadherin + L LATS1 + D
Chromatid
cohesion SCC4 + D MAP3K7 + D

SGO1 + L MAP3K11 + D
Sororin + L MAP4K5 + L

Cytokinesis Anillin + L MARK3 + K, D
ECT2 + L MASTL + D
PRC1 + L MERTK + D

DNA damage
response ATM + D [89] p53 + [90]

ATR + [89] PIK3Cβ + K
NEK4 + D PIP4K2β + D
PARP1 + PIP4K2γ + D
PARP6 + [91] PP2A-Aα − [92]

Dynein-dynactin ARP1 + D STAT3 + [93]
DYNC1H1 + D, L STK10 + D
DYNC1I2 + D STK33 + D

Dynein + [69] TAOK1 + D
DYNLRB1 + D TAOK2 + D

LIS1 + D TRPM7 + D
p22 + D TSSK2 + D

p150Glued + D TSSK3 + D

Kinesin KIF2C/
MCAK +/− * K [76] Ubiquitination APC/C + [73]
KIF10/

CENP-E + K APC3/
CDC27 + D

KIF11 − [73,94] APC5 + D
KIF15 − [94] APC6/

CDC16 + D

KIF18A + [95] APC8/
CDC23 + D

KIF20A + [96] APC10 + D
KIF23/
MKLP1 + G, L APC11 + D
KIF24 − [97] FBX4 + L

KIFC1/
HSET + G, K [64,74,75] Polyubiquitin-

C + L

Kinetochore AURKB + G, L USP8 + K
Borealin + D, G, L USP28 - [98]

BUB1 + K USP31 + K
CEPN-A + K USP54 + L

D: Drosopoulos et al. (2014) [73]; G: Goshima et al. (2007) [70]; K: Kwon et al. (2008) [71]; L: Leber et al. (2010) [72].
Potential regulators of supernumerary centrosome clustering identified from RNAi screens and other studies are
shown (* discrepancy in the results from different studies).

6. WGD Induces Genome Instability during Mitosis

WGD after mitotic failure produces daughter cells containing tetraploid DNA contents
and two centrosomes. In the absence of checkpoints including the loss of p53 function (see
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above), both the DNA and centrosomes can be further duplicated during the subsequent S
phase [99]. Pseudobipolar spindles can be formed in the presence of supernumerary cen-
trosomes by centrosome inactivation or clustering (see above). Without these mechanisms,
cells advance into mitosis with multipolar spindles and segregate their genetic materials
unevenly into daughter cells [3].

Tetraploids exhibit higher chromosomal instability (CIN) than diploids even when
they are able to form bipolar spindles. In yeast, the mismatches in the scaling of the size
of the spindle pole body, spindles, and kinetochores in tetraploids result in a high rate of
syntelic and monopolar kinetochore attachments to the spindle pole [44]. Furthermore,
merotelic kinetochore-microtubule attachments are increased in mammalian tetraploid cells
that can form pseudobipolar spindles through the clustering of supernumerary centrosomes
compared to diploids [100,101]. The presence of extra centrosomes is sufficient to promote
merotelic attachments before centrosome clustering can take place [101]. A principal out-
come of unresolved merotelic attachment is the presence of chromatin bridges and lagging
chromosomes during anaphase [22,101]. These further contribute to genome instability by
causing aneuploidy upon missegregation as well as by forming micronuclei [102,103]. Mi-
cronuclei appear to be poorly equipped in maintaining stable DNA, resulting in extensive
DNA damage and chromosome fragmentation within them. Integration of micronuclei into
the genome during the next mitosis may further increase genome instability by inducing
massive rearrangements such as chromothripsis [102].

Finally, uncoordinated entry into mitosis may also play a role in genome instability
after WGD. DNA damage can be induced by unscheduled entry into mitosis, such as after
premature activation of the mitotic cyclin B1–CDK1 complexes [17]. In tetraploids derived
from cytokinesis failure, the two nuclei can enter mitosis out of synchrony. In this scenario,
DNA damage is induced in the nucleus that is forced into mitosis due to exposure to the
mitotic environment of the neighboring nucleus within the same cell [104].

7. Size Matters: Promotion of Tumorigenesis after WGD

Polyploidization generated from WGD is believed to serve important functions in
normal tissue development in addition to being a key event in tumorigenesis [105]. Unlike
in organisms such as fish and amphibians, polyploidization is poorly tolerated in humans.
Nonetheless, polyploidy occurs physiologically in specialized cell types including hepato-
cytes, megakaryocytes, myoblasts, and trophoblasts [2]. The general perception is that the
larger cell volume rendered by the increased ploidy is beneficial in a range of physiological
functions including wound healing and tissue regeneration [106]. Examples include the
production of platelets from large polyploid megakaryocytes formed by endomitosis [107].
The increase in myofiber size and contractile strength after cell–cell fusion of myoblasts is
another example [108].

Another advantage of WGD involves the increase in and potential redundancy of
genetic materials. WGD has been speculated to be an essential step during evolution. Ohno
proposed in his seminal work that WGD provides the primary source of redundant genes
for new evolutionary opportunities [109]. Within a shorter time scale, normal cells in an
organism may use a similar strategy to expand gene functions. For example, ploidy reversal
in polyploid hepatocytes is believed to be a mechanism for generating genetic diversity,
enabling hepatocytes to adapt to xenobiotic or nutritional injury [110]. In a similar manner,
cancer is increasingly being recognized as a rapidly evolving system. Nearly 30% of cancer
patients had tumors that underwent WGD [1,111,112]. The extra sets of chromosomes
after WGD may supply cancer cells with a depot of genetic materials to buffer deleterious
somatic alterations and facilitate clonal evolution. In agreement with this, WGD appears to
be enriched in cancer with a high deleterious alteration rate, including in lung squamous
cell carcinoma and triple-negative breast cancers [113]. Transcriptional reprogramming
after WGD may also confer polyploid cancer cells proliferative advantage over their diploid
counterparts and the development of therapeutic resistance [111,112].
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The majority of cancer cells are highly aneuploid, displaying dynamic karyotypic
changes including the gain or loss of whole chromosomes. WGD can be found in the
early stages of many cancers, including Barrett’s esophagus [114,115] and cervical carci-
noma [116]. More recent genome sequencing analysis indicated that many cancers display
evidence of WGD. The frequency of WGD varies markedly by cancer type, from more
than 50% in germ cell tumors and small cell lung cancer to about 5% in non-Hodgkin
lymphomas and gastrointestinal neuroendocrine tumors [1]. The prevailing view is that
tetraploids are transient intermediates that can promote CIN [117]. Moreover, evidence
from the transformation of epithelial cells from mouse salivary glands indicates the appear-
ance of tetraploid cells before they undergo a period of CIN [45]. Evidence from in vitro
and animal models also suggests a link between WGD induced by viral-mediated cell
fusion and cancer [118]. CIN accelerates the acquisition of oncogenes and deletion of tumor
suppressor genes and is sufficient to initiate tumorigenesis in mammalian cells [119].

Following WGD, additional rounds of mitotic failure and WGD are expected to desta-
bilize the genome further. The ability of cells to execute cytokinesis properly reduces as
ploidy increases, giving rise to multinucleated giant cells [120]. Although whether giant
cells still retain proliferative potential is still controversial, there is evidence that these
cells can undergo multipolar mitosis to return to near-diploid states and acquire stem-
ness [121]. These studies suggest that the multistep process of escaping cell death through
polyploidization followed by depolyploidization may account for tumorigenesis and tumor
relapse after initial efficient cancer therapy [122].

Collectively, the available evidence underscores the critical role of WGD in the initia-
tion of CIN and neoplastic transformation. The increase in genome instability associated
with WGD is likely to be a two-edged sword, promoting deleterious cell division in most
cells but enabling cancer genome evolution to acquire growth advantages in a small subset
of cells.

8. Large Targets: WGD and Cancer Therapies

WGD in cancer cells offers tantalizing opportunities for therapies that may enable
selectivity against polyploid cancer cells while sparing normal diploid cells. At first glance,
the increase in ploidy and cell volume in polyploid cells is expected to potentiate sensitivity
to conventional chemotherapies. For example, higher DNA contents in polyploids render
them more sensitive to ionizing radiation and topoisomerase inhibitors [123]. Furthermore,
as polyploid cells are characterized by a relatively high basal level of DNA damage in
comparison to diploid cells (see above), it is possible that the high intrinsic DNA damage
can be exploited using conventional chemotherapies. Nonetheless, depolyploidization
after WGD may rapidly reduce the differences in DNA contents and cell volume between
normal and cancer cells [122].

Given the prevalence of centrosome amplification and clustering in cancer cells, it is
not surprising that a major focus of therapeutic development has been on strategies that
decluster extra centrosomes [62]. The idea is that detrimental multipolar mitosis can be
triggered in cancer cells containing supernumerary centrosomes without affecting normal
diploids. Although many regulators of centrosome clustering are potential drug targets
(see Table 1), extensive work will be needed to translate these mechanistic insights into
clinical benefits. One encouraging example is the mitotic kinesin KIFC1, whose inhibition
preferentially sensitizes cancer cells through centrosome declustering [124–126].

Another approach is to look for genes that are essential in WGD cells but not in diploid
cells. One example is KIF18A, a mitotic kinesin that regulates microtubule dynamics to
suppress chromosomal oscillations at the metaphase plate. Dependency on KIF18A scales
proportionally with the degree of aneuploidy, conferring its unique requirement in cells
after extensive CIN [95]. KIF18A is an attractive therapeutic target because it appears to
be dispensable in most normal cells, as suggested by evidence from KIF18A-knockout
mice [127,128]. Microsatellite instability and mild alterations in chromosome number do
not render cells prone to KIF18A loss, indicating that KIF18A might be particularly vital
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in maintaining genome stability after WGD [129,130]. Depletion of KIF18A increases the
duration of mitosis, chromosome misalignment, lagging chromosomes in anaphase, and
micronuclei formation in WGD cells [130]. The underlying mechanisms may involve the
preferential enlargement of spindle size and increases in the magnitude of chromosomal
oscillations after KIF18A depletion in WGD cells. These effects increase the propensity of
chromosomes to lose their attachment to the mitotic spindles and to activate the SAC [130].
This is consistent with the findings that components of the SAC including BUBR1, MAD2,
and BUB3 are among the most preferentially essential genes in WGD- or aneuploidy-
positive cell lines [95,130]. Inhibition of the SAC using the MPS1 inhibitor AZ3146 induces
mitotic delay, chromosome segregation errors, and micronuclei formation similar to KIF18A
depletion [130]. Unlike KIF18A, however, most core components of the SAC are essential in
normal cells. Notwithstanding, as the expression of SAC components is frequently altered
in cancers, it is possible that the SAC is a useful target to explore for sensitizing WGD
cancer cells. Moreover, as several SAC components such as MAD2 and BUB1 are implicated
in the clustering of extra centrosomes (Table 1), targeting the SAC may have the additional
benefit of promoting multipolar mitosis in WGD cells.

9. Concluding Remarks and Future Perspectives

A growing body of evidence reveals that WGD promotes genome instability at multiple
levels. DNA damage and genome instability are already prevalent during the first cell cycle
after tetraploidization. These range from the DNA damage generated during the initial
mitotic failure to the replication stress during S phase, and finally, to the subsequent CIN
mediated by multipolar or pseudobipolar mitosis (Figure 1). Thereafter, additional rounds
of cell cycle and division are likely to exacerbate genome instability further.

One of the characteristic features of WGD is the multiple opportunities for the ac-
cumulation of DNA damage throughout the cell cycle. DNA damage can be triggered
from the initial mitotic failure that leads to tetraploidization, ranging from telomeric de-
protection during prolonged mitotic block to chromatin bridges that initiate cytokinesis
failure. Replication stress associated with tetraploidization is another source of DNA dam-
age. Finally, chromosome attachment defects associated with increased spindle size and
extra centrosomes during the subsequent mitosis are coupled to DNA damage caused by
chromatin bridges and lagging chromosomes. A major theme in genome instability after
WGD is the attenuation of the p53 pathway in cancer cells, resulting in the overriding of
the G1 checkpoint. Interestingly, the p53-independent G2 DNA damage checkpoint has not
been reported to play a prominent role after WGD. The underlying mechanism will require
further investigation. Activation of p53 by extra centrosomes through the PIDDosome
or Hippo pathway may explain some of the cases. More work will also be required to
understand the mechanistic basis of the relatively high percentage of WGD cancer cells that
contained wild-type p53 (and functional pRb pathway). It is conceivable that WGD and
extra centrosomes can be tolerated under some circumstances in vivo without triggering
the activation of p53.

Many issues also remain to be resolved related to the clustering or inactivation of
extra centrosomes after WGD. While many studies have provided compelling evidence of
factors that can regulate centrosome clustering or inactivation, they were often performed
with leveraging models containing amplified centrosomes rather than experimentally
induced tetraploidization. Whether centrosome clustering is regulated by the same factors
in diploids with centrosome amplification, induced tetraploids immediately after WGD,
and stable tetraploids remains to be defined precisely. Further research is also required to
validate the range of proteins suggested by the RNAi screens to provide a comprehensive
picture of the regulators of centrosome clustering.

Given that WGD is inextricably linked to genome instability, a puzzling question is
how tetraploids that arise physiologically can maintain a stable genome. One possibility is
that the genome instability observed experimentally is predominantly due to the procedures
that initiate WGD. Tetraploids produced under physiological conditions could be more
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stable than those generated in vitro. An alternative thought is that as most polyploids
in vivo are engaged in terminally differentiated programs, maintaining genome stability in
these cells may be less important than in dividing cells that produce progenies. Evidence
supporting this notion includes the findings that the mitotic cycles of polyploids appearing
during the regular course of development in Drosophila are inherently error-prone [131].
These are provocative ideas that will need to be investigated further.

Large gaps also remain to be filled in the area of therapeutic targeting of WGD cancer
cells. In addition to exciting targets such as KIF18A, are there other proteins that are
essential specifically in WGD cancer cells but not in normal diploid cells? Although the
SAC is essential for normal cells, can it be exploited due to the differential expression of
SAC components in WGD cancer cells? Nonetheless, the types of cancer that may benefit
from this approach are likely to be those containing a high portion of relatively stable
polyploids instead of those that contain unstable ploidy.
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62. Sabat-Pośpiech, D.; Fabian-Kolpanowicz, K.; Prior, I.A.; Coulson, J.M.; Fielding, A.B. Targeting centrosome amplification, an

Achilles’ heel of cancer. Biochem. Soc. Trans. 2019, 47, 1209–1222. [CrossRef] [PubMed]
63. Chan, J.Y. A clinical overview of centrosome amplification in human cancers. Int. J. Biol. Sci. 2011, 7, 1122–1144. [CrossRef]

[PubMed]
64. Basto, R.; Brunk, K.; Vinadogrova, T.; Peel, N.; Franz, A.; Khodjakov, A.; Raff, J.W. Centrosome amplification can initiate

tumorigenesis in flies. Cell 2008, 133, 1032–1042. [CrossRef] [PubMed]
65. Sabino, D.; Gogendeau, D.; Gambarotto, D.; Nano, M.; Pennetier, C.; Dingli, F.; Arras, G.; Loew, D.; Basto, R. Moesin is a major

regulator of centrosome behavior in epithelial cells with extra centrosomes. Curr. Biol. 2015, 25, 879–889. [CrossRef]
66. Magescas, J.; Zonka, J.C.; Feldman, J.L. A two-step mechanism for the inactivation of microtubule organizing center function at

the centrosome. Elife 2019, 8, e47867. [CrossRef] [PubMed]
67. Mariappan, A.; Soni, K.; Schorpp, K.; Zhao, F.; Minakar, A.; Zheng, X.; Mandad, S.; Macheleidt, I.; Ramani, A.; Kubelka, T.; et al.

Inhibition of CPAP-tubulin interaction prevents proliferation of centrosome-amplified cancer cells. EMBO J. 2019, 38, e99876.
[CrossRef]

68. Pannu, V.; Rida, P.C.; Celik, B.; Turaga, R.C.; Ogden, A.; Cantuaria, G.; Gopalakrishnan, J.; Aneja, R. Centrosome-declustering
drugs mediate a two-pronged attack on interphase and mitosis in supercentrosomal cancer cells. Cell Death Dis. 2014, 5, e1538.
[CrossRef]

69. Quintyne, N.J.; Reing, J.E.; Hoffelder, D.R.; Gollin, S.M.; Saunders, W.S. Spindle multipolarity is prevented by centrosomal
clustering. Science 2005, 307, 127–129. [CrossRef]

70. Goshima, G.; Wollman, R.; Goodwin, S.S.; Zhang, N.; Scholey, J.M.; Vale, R.D.; Stuurman, N. kGenes required for mitotic spindle
assembly in Drosophila S2 cells. Science 2007, 316, 417–421. [CrossRef]

71. Kwon, M.; Godinho, S.A.; Chandhok, N.S.; Ganem, N.J.; Azioune, A.; Thery, M.; Pellman, D. Mechanisms to suppress multipolar
divisions in cancer cells with extra centrosomes. Genes Dev. 2008, 22, 2189–2203. [CrossRef]

72. Leber, B.; Maier, B.; Fuchs, F.; Chi, J.; Riffel, P.; Anderhub, S.; Wagner, L.; Ho, A.D.; Salisbury, J.L.; Boutros, M.; et al. Proteins
required for centrosome clustering in cancer cells. Sci. Transl. Med. 2010, 2, 33ra38. [CrossRef] [PubMed]

73. Drosopoulos, K.; Tang, C.; Chao, W.C.; Linardopoulos, S. APC/C is an essential regulator of centrosome clustering. Nat. Commun.
2014, 5, 3686. [CrossRef]

74. Chavali, P.L.; Chandrasekaran, G.; Barr, A.R.; Tátrai, P.; Taylor, C.; Papachristou, E.K.; Woods, C.G.; Chavali, S.; Gergely, F. A
CEP215-HSET complex links centrosomes with spindle poles and drives centrosome clustering in cancer. Nat. Commun. 2016,
7, 11005. [CrossRef]

75. Kleylein-Sohn, J.; Pöllinger, B.; Ohmer, M.; Hofmann, F.; Nigg, E.A.; Hemmings, B.A.; Wartmann, M. Acentrosomal spindle
organization renders cancer cells dependent on the kinesin HSET. J. Cell Sci. 2012, 125, 5391–5402. [CrossRef] [PubMed]

http://doi.org/10.1126/science.1210214
http://www.ncbi.nlm.nih.gov/pubmed/21960636
http://doi.org/10.1016/j.cell.2006.01.045
http://doi.org/10.3390/cells10123350
http://doi.org/10.1371/journal.pgen.1002679
http://doi.org/10.1038/ncomms13887
http://www.ncbi.nlm.nih.gov/pubmed/27976684
http://doi.org/10.1038/s41586-022-04578-4
http://doi.org/10.1096/fj.201700247RR
http://doi.org/10.1038/ncomms1825
http://doi.org/10.1098/rstb.2013.0461
http://doi.org/10.1242/jcs.228833
http://doi.org/10.1126/science.283.5403.851
http://doi.org/10.1073/pnas.96.6.2817
http://www.ncbi.nlm.nih.gov/pubmed/10077594
http://doi.org/10.1073/pnas.152205299
http://doi.org/10.1038/sj.onc.1210085
http://doi.org/10.1042/BST20190034
http://www.ncbi.nlm.nih.gov/pubmed/31506331
http://doi.org/10.7150/ijbs.7.1122
http://www.ncbi.nlm.nih.gov/pubmed/22043171
http://doi.org/10.1016/j.cell.2008.05.039
http://www.ncbi.nlm.nih.gov/pubmed/18555779
http://doi.org/10.1016/j.cub.2015.01.066
http://doi.org/10.7554/eLife.47867
http://www.ncbi.nlm.nih.gov/pubmed/31246171
http://doi.org/10.15252/embj.201899876
http://doi.org/10.1038/cddis.2014.505
http://doi.org/10.1126/science.1104905
http://doi.org/10.1126/science.1141314
http://doi.org/10.1101/gad.1700908
http://doi.org/10.1126/scitranslmed.3000915
http://www.ncbi.nlm.nih.gov/pubmed/20505215
http://doi.org/10.1038/ncomms4686
http://doi.org/10.1038/ncomms11005
http://doi.org/10.1242/jcs.107474
http://www.ncbi.nlm.nih.gov/pubmed/22946058


Int. J. Mol. Sci. 2023, 24, 3733 14 of 16

76. Goupil, A.; Nano, M.; Letort, G.; Gemble, S.; Edwards, F.; Goundiam, O.; Gogendeau, D.; Pennetier, C.; Basto, R. Chromosomes
function as a barrier to mitotic spindle bipolarity in polyploid cells. J. Cell Biol. 2020, 219, e201908006. [CrossRef] [PubMed]

77. Konotop, G.; Bausch, E.; Nagai, T.; Turchinovich, A.; Becker, N.; Benner, A.; Boutros, M.; Mizuno, K.; Krämer, A.; Raab, M.S.
Pharmacological Inhibition of Centrosome Clustering by Slingshot-Mediated Cofilin Activation and Actin Cortex Destabilization.
Cancer Res. 2016, 76, 6690–6700. [CrossRef] [PubMed]

78. Kwon, M.; Bagonis, M.; Danuser, G.; Pellman, D. Direct Microtubule-Binding by Myosin-10 Orients Centrosomes toward
Retraction Fibers and Subcortical Actin Clouds. Dev. Cell 2015, 34, 323–337. [CrossRef]

79. Watanabe, S.; Shioi, G.; Furuta, Y.; Goshima, G. Intra-spindle Microtubule Assembly Regulates Clustering of Microtubule-
Organizing Centers during Early Mouse Development. Cell Rep. 2016, 15, 54–60. [CrossRef]

80. Navarro-Serer, B.; Childers, E.P.; Hermance, N.M.; Mercadante, D.; Manning, A.L. Aurora A inhibition limits centrosome
clustering and promotes mitotic catastrophe in cells with supernumerary centrosomes. Oncotarget 2019, 10, 1649–1659. [CrossRef]

81. Fielding, A.B.; Lim, S.; Montgomery, K.; Dobreva, I.; Dedhar, S. A critical role of integrin-linked kinase, ch-TOG and TACC3 in
centrosome clustering in cancer cells. Oncogene 2011, 30, 521–534. [CrossRef] [PubMed]

82. Hu, S.; Lu, Y.; Orr, B.; Godek, K.; Mustachio, L.M.; Kawakami, M.; Sekula, D.; Compton, D.A.; Freemantle, S.; Dmitrovsky, E.
Specific CP110 Phosphorylation Sites Mediate Anaphase Catastrophe after CDK2 Inhibition: Evidence for Cooperation with
USP33 Knockdown. Mol. Cancer 2015, 14, 2576–2585. [CrossRef] [PubMed]

83. Breuer, M.; Kolano, A.; Kwon, M.; Li, C.C.; Tsai, T.F.; Pellman, D.; Brunet, S.; Verlhac, M.H. HURP permits MTOC sorting
for robust meiotic spindle bipolarity, similar to extra centrosome clustering in cancer cells. J. Cell Biol. 2010, 191, 1251–1260.
[CrossRef] [PubMed]

84. Sampson, J.; O’Regan, L.; Dyer, M.J.S.; Bayliss, R.; Fry, A.M. Hsp72 and Nek6 Cooperate to Cluster Amplified Centrosomes in
Cancer Cells. Cancer Res. 2017, 77, 4785–4796. [CrossRef] [PubMed]

85. Vitre, B.; Taulet, N.; Guesdon, A.; Douanier, A.; Dosdane, A.; Cisneros, M.; Maurin, J.; Hettinger, S.; Anguille, C.; Taschner, M.;
et al. IFT proteins interact with HSET to promote supernumerary centrosome clustering in mitosis. EMBO Rep. 2020, 21, e49234.
[CrossRef]

86. Rhys, A.D.; Monteiro, P.; Smith, C.; Vaghela, M.; Arnandis, T.; Kato, T.; Leitinger, B.; Sahai, E.; McAinsh, A.; Charras, G.; et al. Loss
of E-cadherin provides tolerance to centrosome amplification in epithelial cancer cells. J. Cell Biol. 2018, 217, 195–209. [CrossRef]

87. Tilwani, S.; Gandhi, K.; Narayan, S.; Ainavarapu, S.R.K.; Dalal, S.N. Disruption of desmosome function leads to increased
centrosome clustering in 14-3-3γ-knockout cells with supernumerary centrosomes. FEBS Lett. 2021, 595, 2675–2690. [CrossRef]
[PubMed]

88. Kawakami, M.; Mustachio, L.M.; Liu, X.; Dmitrovsky, E. Engaging Anaphase Catastrophe Mechanisms to Eradicate Aneuploid
Cancers. Mol. Cancer 2018, 17, 724–731. [CrossRef] [PubMed]

89. Fan, G.; Sun, L.; Meng, L.; Hu, C.; Wang, X.; Shi, Z.; Hu, C.; Han, Y.; Yang, Q.; Cao, L.; et al. The ATM and ATR kinases regulate
centrosome clustering and tumor recurrence by targeting KIFC1 phosphorylation. Nat. Commun. 2021, 12, 20. [CrossRef]

90. Yi, Q.; Zhao, X.; Huang, Y.; Ma, T.; Zhang, Y.; Hou, H.; Cooke, H.J.; Yang, D.Q.; Wu, M.; Shi, Q. p53 dependent centrosome
clustering prevents multipolar mitosis in tetraploid cells. PLoS ONE 2011, 6, e27304. [CrossRef]

91. Johannes, J.W.; Almeida, L.; Daly, K.; Ferguson, A.D.; Grosskurth, S.E.; Guan, H.; Howard, T.; Ioannidis, S.; Kazmirski, S.; Lamb,
M.L.; et al. Discovery of AZ0108, an orally bioavailable phthalazinone PARP inhibitor that blocks centrosome clustering. Bioorg.
Med. Chem. Lett. 2015, 25, 5743–5747. [CrossRef]

92. Antao, N.V.; Marcet-Ortega, M.; Cifani, P.; Kentsis, A.; Foley, E.A. A Cancer-Associated Missense Mutation in PP2A-Aα Increases
Centrosome Clustering during Mitosis. iScience 2019, 19, 74–82. [CrossRef] [PubMed]

93. Morris, E.J.; Kawamura, E.; Gillespie, J.A.; Balgi, A.; Kannan, N.; Muller, W.J.; Roberge, M.; Dedhar, S. Stat3 regulates centrosome
clustering in cancer cells via Stathmin/PLK1. Nat. Commun. 2017, 8, 15289. [CrossRef] [PubMed]

94. Shu, S.; Iimori, M.; Wakasa, T.; Ando, K.; Saeki, H.; Oda, Y.; Oki, E.; Maehara, Y. The balance of forces generated by kinesins
controls spindle polarity and chromosomal heterogeneity in tetraploid cells. J. Cell Sci. 2019, 132, jcs231530. [CrossRef] [PubMed]

95. Cohen-Sharir, Y.; McFarland, J.M.; Abdusamad, M.; Marquis, C.; Bernhard, S.V.; Kazachkova, M.; Tang, H.; Ippolito, M.R.; Laue,
K.; Zerbib, J.; et al. Aneuploidy renders cancer cells vulnerable to mitotic checkpoint inhibition. Nature 2021, 590, 486–491.
[CrossRef]

96. Xie, B.; Pu, Y.; Yang, F.; Chen, W.; Yue, W.; Ma, J.; Zhang, N.; Jiang, Y.; Wu, J.; Lin, Y.; et al. Proteomic Mapping and Targeting of
Mitotic Pericentriolar Material in Tumors Bearing Centrosome Amplification. Cancer Res. 2022, 82, 2576–2592. [CrossRef]

97. Mashima, Y.; Nohira, H.; Sugihara, H.; Dynlacht, B.D.; Kobayashi, T.; Itoh, H. KIF24 depletion induces clustering of supernumerary
centrosomes in PDAC cells. Life Sci. Alliance 2022, 5, e202201470. [CrossRef] [PubMed]

98. Bernhard, S.V.; Seget-Trzensiok, K.; Kuffer, C.; Krastev, D.B.; Stautmeister, L.M.; Theis, M.; Keuper, K.; Boekenkamp, J.E.;
Kschischo, M.; Buchholz, F.; et al. Loss of USP28 and SPINT2 expression promotes cancer cell survival after whole genome
doubling. Cell. Oncol. 2022, 45, 103–119. [CrossRef] [PubMed]

99. Lens, S.M.A.; Medema, R.H. Cytokinesis defects and cancer. Nat. Rev. Cancer 2019, 19, 32–45. [CrossRef] [PubMed]
100. Silkworth, W.T.; Nardi, I.K.; Scholl, L.M.; Cimini, D. Multipolar spindle pole coalescence is a major source of kinetochore

mis-attachment and chromosome mis-segregation in cancer cells. PLoS ONE 2009, 4, e6564. [CrossRef]
101. Ganem, N.J.; Godinho, S.A.; Pellman, D. A mechanism linking extra centrosomes to chromosomal instability. Nature 2009, 460,

278–282. [CrossRef] [PubMed]

http://doi.org/10.1083/jcb.201908006
http://www.ncbi.nlm.nih.gov/pubmed/32328633
http://doi.org/10.1158/0008-5472.CAN-16-1144
http://www.ncbi.nlm.nih.gov/pubmed/27634760
http://doi.org/10.1016/j.devcel.2015.06.013
http://doi.org/10.1016/j.celrep.2016.02.087
http://doi.org/10.18632/oncotarget.26714
http://doi.org/10.1038/onc.2010.431
http://www.ncbi.nlm.nih.gov/pubmed/20838383
http://doi.org/10.1158/1535-7163.MCT-15-0443
http://www.ncbi.nlm.nih.gov/pubmed/26304236
http://doi.org/10.1083/jcb.201005065
http://www.ncbi.nlm.nih.gov/pubmed/21173113
http://doi.org/10.1158/0008-5472.CAN-16-3233
http://www.ncbi.nlm.nih.gov/pubmed/28720575
http://doi.org/10.15252/embr.201949234
http://doi.org/10.1083/jcb.201704102
http://doi.org/10.1002/1873-3468.14204
http://www.ncbi.nlm.nih.gov/pubmed/34626438
http://doi.org/10.1158/1535-7163.MCT-17-1108
http://www.ncbi.nlm.nih.gov/pubmed/29559545
http://doi.org/10.1038/s41467-020-20208-x
http://doi.org/10.1371/journal.pone.0027304
http://doi.org/10.1016/j.bmcl.2015.10.079
http://doi.org/10.1016/j.isci.2019.07.018
http://www.ncbi.nlm.nih.gov/pubmed/31357169
http://doi.org/10.1038/ncomms15289
http://www.ncbi.nlm.nih.gov/pubmed/28474672
http://doi.org/10.1242/jcs.231530
http://www.ncbi.nlm.nih.gov/pubmed/31757888
http://doi.org/10.1038/s41586-020-03114-6
http://doi.org/10.1158/0008-5472.CAN-22-0225
http://doi.org/10.26508/lsa.202201470
http://www.ncbi.nlm.nih.gov/pubmed/35803737
http://doi.org/10.1007/s13402-021-00654-5
http://www.ncbi.nlm.nih.gov/pubmed/34962618
http://doi.org/10.1038/s41568-018-0084-6
http://www.ncbi.nlm.nih.gov/pubmed/30523339
http://doi.org/10.1371/journal.pone.0006564
http://doi.org/10.1038/nature08136
http://www.ncbi.nlm.nih.gov/pubmed/19506557


Int. J. Mol. Sci. 2023, 24, 3733 15 of 16

102. Crasta, K.; Ganem, N.J.; Dagher, R.; Lantermann, A.B.; Ivanova, E.V.; Pan, Y.; Nezi, L.; Protopopov, A.; Chowdhury, D.; Pellman,
D. DNA breaks and chromosome pulverization from errors in mitosis. Nature 2012, 482, 53–58. [CrossRef] [PubMed]

103. Hoffelder, D.R.; Luo, L.; Burke, N.A.; Watkins, S.C.; Gollin, S.M.; Saunders, W.S. Resolution of anaphase bridges in cancer cells.
Chromosoma 2004, 112, 389–397. [CrossRef] [PubMed]

104. Nano, M.; Gemble, S.; Simon, A.; Pennetier, C.; Fraisier, V.; Marthiens, V.; Basto, R. Cell-Cycle Asynchrony Generates DNA
Damage at Mitotic Entry in Polyploid Cells. Curr. Biol. 2019, 29, 3937–3945.e7. [CrossRef]

105. Gjelsvik, K.J.; Besen-McNally, R.; Losick, V.P. Solving the Polyploid Mystery in Health and Disease. Trends Genet. 2019, 35, 6–14.
[CrossRef] [PubMed]

106. Orr-Weaver, T.L. When bigger is better: The role of polyploidy in organogenesis. Trends Genet. 2015, 31, 307–315. [CrossRef]
[PubMed]

107. Zimmet, J.; Ravid, K. Polyploidy: Occurrence in nature, mechanisms, and significance for the megakaryocyte-platelet system.
Exp. Hematol. 2000, 28, 3–16. [CrossRef]

108. Abmayr, S.M.; Pavlath, G.K. Myoblast fusion: Lessons from flies and mice. Development 2012, 139, 641–656. [CrossRef]
109. Ohno, S. Evolution by Gene Duplication; Springer: New York, NY, USA, 1970.
110. Duncan, A.W.; Taylor, M.H.; Hickey, R.D.; Hanlon Newell, A.E.; Lenzi, M.L.; Olson, S.B.; Finegold, M.J.; Grompe, M. The ploidy

conveyor of mature hepatocytes as a source of genetic variation. Nature 2010, 467, 707–710. [CrossRef] [PubMed]
111. Pienta, K.J.; Hammarlund, E.U.; Austin, R.H.; Axelrod, R.; Brown, J.S.; Amend, S.R. Cancer cells employ an evolutionarily

conserved polyploidization program to resist therapy. In Seminars in Cancer Biology; Academic Press: Cambridge, UK, 2020.
112. Dewhurst, S.M.; McGranahan, N.; Burrell, R.A.; Rowan, A.J.; Grönroos, E.; Endesfelder, D.; Joshi, T.; Mouradov, D.; Gibbs, P.;

Ward, R.L.; et al. Tolerance of whole-genome doubling propagates chromosomal instability and accelerates cancer genome
evolution. Cancer Discov. 2014, 4, 175–185. [CrossRef]

113. López, S.; Lim, E.L.; Horswell, S.; Haase, K.; Huebner, A.; Dietzen, M.; Mourikis, T.P.; Watkins, T.B.K.; Rowan, A.; Dewhurst, S.M.;
et al. Interplay between whole-genome doubling and the accumulation of deleterious alterations in cancer evolution. Nat. Genet.
2020, 52, 283–293. [CrossRef]

114. Barrett, M.T.; Pritchard, D.; Palanca-Wessels, C.; Anderson, J.; Reid, B.J.; Rabinovitch, P.S. Molecular phenotype of spontaneously
arising 4N (G2-tetraploid) intermediates of neoplastic progression in Barrett’s esophagus. Cancer Res. 2003, 63, 4211–4217.
[PubMed]

115. Galipeau, P.C.; Cowan, D.S.; Sanchez, C.A.; Barrett, M.T.; Emond, M.J.; Levine, D.S.; Rabinovitch, P.S.; Reid, B.J. 17p (p53) allelic
losses, 4N (G2/tetraploid) populations, and progression to aneuploidy in Barrett’s esophagus. Proc. Natl. Acad. Sci. USA 1996, 93,
7081–7084. [CrossRef] [PubMed]

116. Olaharski, A.J.; Sotelo, R.; Solorza-Luna, G.; Gonsebatt, M.E.; Guzman, P.; Mohar, A.; Eastmond, D.A. Tetraploidy and chromoso-
mal instability are early events during cervical carcinogenesis. Carcinogenesis 2006, 27, 337–343. [CrossRef] [PubMed]

117. Vitale, I.; Galluzzi, L.; Senovilla, L.; Criollo, A.; Jemaà, M.; Castedo, M.; Kroemer, G. Illicit survival of cancer cells during
polyploidization and depolyploidization. Cell Death Differ. 2011, 18, 1403–1413. [CrossRef]

118. Duelli, D.M.; Padilla-Nash, H.M.; Berman, D.; Murphy, K.M.; Ried, T.; Lazebnik, Y. A virus causes cancer by inducing massive
chromosomal instability through cell fusion. Curr. Biol. 2007, 17, 431–437. [CrossRef]

119. Al-Rawi, D.H.; Bakhoum, S.F. Chromosomal instability as a source of genomic plasticity. Curr. Opin. Genet. Dev. 2022, 74, 101913.
[CrossRef]

120. King, R.W. When 2 + 2 = 5: The origins and fates of aneuploid and tetraploid cells. Biochim. Biophys. Acta 2008, 1786, 4–14.
[CrossRef] [PubMed]

121. Coward, J.; Harding, A. Size Does Matter: Why Polyploid Tumor Cells are Critical Drug Targets in the War on Cancer. Front.
Oncol. 2014, 4, 123. [CrossRef] [PubMed]

122. Zhang, J.; Qiao, Q.; Xu, H.; Zhou, R.; Liu, X. Human cell polyploidization: The good and the evil. Semin. Cancer Biol. 2022, 81,
54–63. [CrossRef] [PubMed]

123. Hau, P.M.; Siu, W.Y.; Wong, N.; Lai, P.B.; Poon, R.Y. Polyploidization increases the sensitivity to DNA-damaging agents in
mammalian cells. FEBS Lett. 2006, 580, 4727–4736. [CrossRef] [PubMed]

124. Choe, M.H.; Kim, J.; Ahn, J.; Hwang, S.G.; Oh, J.S.; Kim, J.S. Centrosome Clustering Is a Tumor-selective Target for the
Improvement of Radiotherapy in Breast Cancer Cells. Anticancer Res. 2018, 38, 3393–3400. [CrossRef] [PubMed]

125. Watts, C.A.; Richards, F.M.; Bender, A.; Bond, P.J.; Korb, O.; Kern, O.; Riddick, M.; Owen, P.; Myers, R.M.; Raff, J.; et al. Design,
synthesis, and biological evaluation of an allosteric inhibitor of HSET that targets cancer cells with supernumerary centrosomes.
Chem. Biol. 2013, 20, 1399–1410. [CrossRef] [PubMed]

126. Wu, J.; Mikule, K.; Wang, W.; Su, N.; Petteruti, P.; Gharahdaghi, F.; Code, E.; Zhu, X.; Jacques, K.; Lai, Z.; et al. Discovery and
mechanistic study of a small molecule inhibitor for motor protein KIFC1. ACS Chem. Biol. 2013, 8, 2201–2208. [CrossRef]

127. Czechanski, A.; Kim, H.; Byers, C.; Greenstein, I.; Stumpff, J.; Reinholdt, L.G. Kif18a is specifically required for mitotic progression
during germ line development. Dev. Biol. 2015, 402, 253–262. [CrossRef] [PubMed]

128. Liu, X.S.; Zhao, X.D.; Wang, X.; Yao, Y.X.; Zhang, L.L.; Shu, R.Z.; Ren, W.H.; Huang, Y.; Huang, L.; Gu, M.M.; et al. Germinal Cell
Aplasia in Kif18a Mutant Male Mice due to Impaired Chromosome Congression and Dysregulated BubR1 and CENP-E. Genes
Cancer 2010, 1, 26–39. [CrossRef] [PubMed]

http://doi.org/10.1038/nature10802
http://www.ncbi.nlm.nih.gov/pubmed/22258507
http://doi.org/10.1007/s00412-004-0284-6
http://www.ncbi.nlm.nih.gov/pubmed/15156327
http://doi.org/10.1016/j.cub.2019.09.041
http://doi.org/10.1016/j.tig.2018.10.005
http://www.ncbi.nlm.nih.gov/pubmed/30470486
http://doi.org/10.1016/j.tig.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25921783
http://doi.org/10.1016/S0301-472X(99)00124-1
http://doi.org/10.1242/dev.068353
http://doi.org/10.1038/nature09414
http://www.ncbi.nlm.nih.gov/pubmed/20861837
http://doi.org/10.1158/2159-8290.CD-13-0285
http://doi.org/10.1038/s41588-020-0584-7
http://www.ncbi.nlm.nih.gov/pubmed/12874028
http://doi.org/10.1073/pnas.93.14.7081
http://www.ncbi.nlm.nih.gov/pubmed/8692948
http://doi.org/10.1093/carcin/bgi218
http://www.ncbi.nlm.nih.gov/pubmed/16123119
http://doi.org/10.1038/cdd.2010.145
http://doi.org/10.1016/j.cub.2007.01.049
http://doi.org/10.1016/j.gde.2022.101913
http://doi.org/10.1016/j.bbcan.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18703117
http://doi.org/10.3389/fonc.2014.00123
http://www.ncbi.nlm.nih.gov/pubmed/24904834
http://doi.org/10.1016/j.semcancer.2021.04.005
http://www.ncbi.nlm.nih.gov/pubmed/33839294
http://doi.org/10.1016/j.febslet.2006.07.059
http://www.ncbi.nlm.nih.gov/pubmed/16887121
http://doi.org/10.21873/anticanres.12606
http://www.ncbi.nlm.nih.gov/pubmed/29848688
http://doi.org/10.1016/j.chembiol.2013.09.012
http://www.ncbi.nlm.nih.gov/pubmed/24210220
http://doi.org/10.1021/cb400186w
http://doi.org/10.1016/j.ydbio.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25824710
http://doi.org/10.1177/1947601909358184
http://www.ncbi.nlm.nih.gov/pubmed/20981276


Int. J. Mol. Sci. 2023, 24, 3733 16 of 16

129. Marquis, C.; Fonseca, C.L.; Queen, K.A.; Wood, L.; Vandal, S.E.; Malaby, H.L.H.; Clayton, J.E.; Stumpff, J. Chromosomally unstable
tumor cells specifically require KIF18A for proliferation. Nat. Commun. 2021, 12, 1213. [CrossRef] [PubMed]

130. Quinton, R.J.; DiDomizio, A.; Vittoria, M.A.; Kotýnková, K.; Ticas, C.J.; Patel, S.; Koga, Y.; Vakhshoorzadeh, J.; Hermance, N.;
Kuroda, T.S.; et al. Whole-genome doubling confers unique genetic vulnerabilities on tumour cells. Nature 2021, 590, 492–497.
[CrossRef] [PubMed]

131. Fox, D.T.; Gall, J.G.; Spradling, A.C. Error-prone polyploid mitosis during normal Drosophila development. Genes Dev. 2010, 24,
2294–2302. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/s41467-021-21447-2
http://www.ncbi.nlm.nih.gov/pubmed/33619254
http://doi.org/10.1038/s41586-020-03133-3
http://www.ncbi.nlm.nih.gov/pubmed/33505027
http://doi.org/10.1101/gad.1952710
http://www.ncbi.nlm.nih.gov/pubmed/20952538

	Introduction: Whole-Genome Duplication in Normal and Cancer Cells 
	Mitotic Failures Leading to WGD 
	Overcoming G1 Checkpoint Arrest after Mitotic Failure 
	Genome Instability during the First Interphase after Mitotic Failure 
	Mechanisms for Mitigating Supernumerary Centrosomes after WGD 
	WGD Induces Genome Instability during Mitosis 
	Size Matters: Promotion of Tumorigenesis after WGD 
	Large Targets: WGD and Cancer Therapies 
	Concluding Remarks and Future Perspectives 
	References

