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A B S T R A C T

Aneuploidy, often preceded by tetraploidy, is one of the hallmarks of solid tumors. Indeed,

both aneuploidy and tetraploidy are oncogenic occurrences that are sufficient to drive neo-

plastic transformation and cancer progression. True to form, the tumor suppressor p53 ob-

structs propagation of these dangerous chromosomal events by either instigating

irreversible cell cycle arrest or apoptosis. The tumor suppressor Lats2, along with other tu-

mor inhibitory proteins such as BRCA1/2 and BubR1, are central to p53-dependent elimina-

tion of tetraploid cells. Not surprisingly, these proteins are frequently inactivated or

downregulated in tumors, synergizing with p53 inactivation to establish an atmosphere

of “tolerance” for a non-diploid state.

ª 2011 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Aneuploidy as a tumorigenic process Tetraploidy,where the entire genome is duplicated and cells
Aneuploidy, numerical changes in whole chromosomes, is

a frequent genetic characteristic of many cancers. It is a sub-

class of themore general phenomenon of chromosomal insta-

bility (CIN),which includesall typesof chromosomal structural

and numerical alterations.

Aneuploidy can be brought about by a myriad of defects,

but one of the foremost precursors and principal instigators

of aneuploidy is tetraploidy. It is generally speculated that pre-

liminary polyploidization followed by loss or gain of certain

chromosomes represents an important conduit en route to

aneuploidy. In line with this, aneuploid cells frequently dis-

play modal chromosome numbers that are near-tetraploid.
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carry precisely twice the normal number of chromosomes, can

lead to cellular transformation and tumor formation. Tetra-

ploidy is observed in early stage cancers, preceding CIN and an-

euploidy (Galipeau et al., 1996; Olaharski et al., 2006). Direct

evidence of the oncogenic nature of tetraploidy comes from

the observation that tetraploid mouse cells can initiate tumor

formation when transplanted into immunocompromised

mice, whereas isogenic diploid cells do not. Importantly, this

can occur only in the background of nonfunctional p53 tumor

suppressor protein, since in these conditions tetraploids

expressingwild type p53 fail to propagate (Fujiwara et al., 2005).

Despite the distinct correlation between tetraploidy and

aneuploidy, fusion of two diploid and genomically stable cells
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into one tetraploid cell does not routinely end up in aneu-

ploidy (Lengauer et al., 1997; Stukenberg, 2004). In fact, these

cells often arrest in the binucleated stage, through mecha-

nisms that involve p53 and its major transcriptional target

p21, as well as the tumor suppressors ARF and pRb

(Andreassen et al., 2001; Margolis et al., 2003).

Oncoproteins of DNA tumor viruses have been instrumen-

tal in dissecting the distinct roles of p53 and another promi-

nent tumor suppressor, pRb, in preventing aneuploidy. This

is perhaps best exemplified by the E6 and E7 proteins of the

human papillomavirus. E6 inactivates p53 (Scheffner et al.,

1993, 1990) whereas E7 disrupts pRB signaling (Dyson et al.,

1989; Funk et al., 1997; Gonzalez et al., 2001; Jones et al.,

1997; Zerfass-Thome et al., 1996). Expression of E6 oncopro-

tein renders cells prone to structural chromosomal changes,

but is not sufficient in itself to cause aneuploidy (White

et al., 1994). E7 itself induces a moderate level of aneuploidy

(Duensing et al., 2000). Importantly, when the function of

both tumor suppressors is neutralized together, the portion

of aneuploid cells is dramatically elevated (Duensing et al.,

2000). These data are in line with the notion that loss of p53

synergizes with pre-existing “aneuploidy tolerance” to wreak

genomic havoc.

Several mouse and human cancer models show that an in-

crease in tetraploid and polyploid tumor cells is specifically

correlated with loss of p53 function (Galipeau et al., 1996;

Ramel et al., 1995). p53-null mice proceed to develop tumors

rapidly (Donehower et al., 1992; Jacks et al., 1994), in particular

thymic lymphomas, which are usually aneuploid. Further-

more, lymphomas and sarcomas from p53þ/� mice in which

the remaining wild type p53 allele is lost, exhibit more chro-

mosomal instability than tumors that retain the wild type

p53 allele (Venkatachalam et al., 1998). Additionally, cells

from p53�/� animals (Fukasawa et al., 1996) as well as cells

deficient in p53 downstream transcriptional targets such as

p21 (Mantel et al., 1999) or Gadd45 (Hollander et al., 1999) accu-

mulate aberrant chromosomal numbers, even preceding any

detectable malignant phenotype (Fukasawa et al., 1997).

How does aneuploidy facilitate neoplastic transformation?

One accepted hypothesis is that aneuploidy entails the loss of

chromosomes carrying tumor suppressor genes and/or the

gain of chromosomes bearing oncogenes. Equally feasible,

the aberrant number of chromosomes could result in a general

imbalance of protein levels and/or transcription patterns

within the cell, particularly in cases in which such events

are under tight stoichiometric regulation (e.g. limiting

amounts of a transcriptional repressor). This imbalance in

itself could generate oncogenic signals. Furthermore, extra

copies of chromosomes might buffer aneuploid cells against

the deleterious effects of genomic alterations in one chromo-

some, extending their survival in a transitional state and

allowing time for selection of cells with additional genetic or

epigenetic alterations that stabilize growth-promoting and

transforming mutations.
2. Origins of tetraploidy

Aberrant tetraploidy can be the consequence of cell fusion,

endoreduplication, cytokinesis failure or mitotic slippage.
The mitotic checkpoint (often referred to as the spindle dam-

age checkpoint) is one of the front-line surveillance mecha-

nisms against chromosome missegregation. This checkpoint

delays completion of mitosis until all chromosomes have

been properly aligned. Altered expression of mitotic check-

point components has been documented in numerous human

cancers including leukemia, breast, colorectal, ovarian and

lung (Kops et al., 2005), implicating the importance of their

function in preventing tumorigenesis. Despite this protective

mechanism, cells that are exposed to a spindle damaging

agent such as nocodazole, eventually exit from mitosis (“mi-

totic slippage”) without undergoing cytokinesis. Normal cells

stably arrest in the subsequent G1 phase with 4N DNA con-

tent. In contrast, cells that lack functional p53 have an in-

creased ability to re-enter the cell cycle and initiate another

round of DNA replication (Borel et al., 2002; Casenghi et al.,

1999; Cross et al., 1995; Hirano and Kurimura, 1974; Khan

and Wahl, 1998; Lanni and Jacks, 1998; Minn et al., 1996;

Stewart et al., 1999). This p53-dependent arrest of tetraploid

cells is sometimes referred to as the “G1 tetraploidy check-

point”. That being said, the existence of this “tetraploidy”

checkpoint remains controversial, since some reports indicate

that p53 activation might actually result from alterations of

the cytoskeleton due to the use of the tetraploidy-inducing

agents rather than from tetraploidy itself (Stukenberg, 2004;

Uetake and Sluder, 2004).

Aberrant centrosome dynamics can also result in tetra-

ploidy. When centrosomes are experimentally removed

(Hinchcliffe et al., 2001; Khodjakov and Rieder, 2001) or disrup-

ted (Gromley et al., 2003), cytokinesis is impaired and cells ar-

rest in the following G1 with tetraploid genomes, similarly to

what oneobserves following thedisruption of themitotic spin-

dle by nocodazole. For instance, targeted RNAi disruption of

centrosome proteins in human diploid epithelial cells induces

G1 arrest (Mikule et al., 2007). These experiments strengthen

the notion that cell cycle regulatory mechanisms are sensitive

to centrosome fidelity (Doxsey et al., 2005; Matsumoto and

Maller, 2004). Of note, the nuclei of such centrosome-

depleted cells accumulate activated p53 protein that is phos-

phorylated on serine 33 (Ser33), rather than on serine 15 that

is characteristic of DNA damage. Moreover, reduction of p53

levels or knockout of p21 suppresses the G1 arrest (Mikule

et al., 2007). In line with the fact that Ser33 of p53 is known to

be phosphorylated by p38 (Kishi et al., 2001), chemical inhibi-

tion or siRNA-mediated silencing of p38 reduces the nuclear

translocation of p53 under such conditions. Moreover, several

reports suggest that p53 itself can localize to centrosomes

(Brown et al., 1994; Ciciarello et al., 2001; Hollander et al.,

1999;Mantel et al., 1999;Morris et al., 2000), whichmight imply

a direct role of p53 in centrosome fidelity. In fact, activated p38

has been detected on centrosomes, and Ser33-phosphorylated

p53 can be foundon centrosomesbefore thenuclear transloca-

tion of p53 (Minn et al., 1996). Interestingly, p53 requires both

its transactivation functionand its centrosomebindingactivity

to control centrosome duplication (Shinmura et al., 2007). To-

gether, these data suggest that impairment of centrosome in-

tegrity activates a p38ep53ep21 checkpoint akin to the “G1

tetraploidy” checkpoint induced by mitotic slippage.

On the other hand, also cells with extra centrosomes are

highly correlated with loss or mutation of p53 (Tarapore,
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Horn,Tokuyama, Fukasawa,Oncogene, 2001). These cells are in

danger of forming multipolar spindles, which allegedly gener-

ate aneuploid daughter cells. However, perhaps surprisingly,

cell cycleprogressesnormally in cellswith supernumerary cen-

trosomes (Wong and Stearns, 2005). This is because multiple

centrosomes tend to cluster into two functional poles (Kwon

et al., 2008; Quintyne et al., 2005; see alsoAlwinKr€amer, Bettina

Maier and Jiri Bartek, this issue). Yet, despite this protective

mechanism, clustered bipolar spindles in tetraploid cells do ex-

hibit an increasedoccurrenceof lagging chromosomesand seg-

regation errors (Ganem et al., 2009; Silkworth et al., 2009), likely

accelerating their transition toward an aneuploid state. More-

over, supernumerary centrosomes are frequently found in can-

cers and their presence often correlates with aneuploidy

(Brinkley, 2001; Nigg and Raff, 2009).

Missegregation of chromosomes and aneuploidy can also

be induced by directly inhibiting cytokinesis. In these cases,

p53 is elevated only in the ensuing aneuploid cells e a daugh-

ter cell that has gained even a single chromosome as well as

its sibling that has lost one chromosome (Thompson and

Compton, 2010). Moreover, in this system, p53 deficiency is

sufficient to enable the accumulation of an aneuploid popula-

tion and to render cells genetically unstablewith intrinsic CIN.

Thus, conversion of diploid progenitor cells into cells that are

aneuploid and manifest CIN involves two steps: reduction in

chromosome segregation fidelity and acquisition of tolerance

for a non-diploid genome, which can arise through inactiva-

tion of the p53 pathway. Within this context, p53 activation

is a critical impediment against the propagation of aneuploid

cells. Therefore, linguistic definitions of “tetraploidy check-

point” aside, it is clear that p53 plays a critical role in prevent-

ing the proliferation of these cells.
3. Effects of checkpoint activation

The G1 arrest of post-slippage tetraploid cells is often long-

lasting, particularly in non-cancerous cells, most likely due to

the induction of cellular senescence (Rieder and Maiato, 2004).

Nutlin is adrugpresently inearly clinical trials,which stabilizes

p53 by blocking its interactionwith itsmajor negative regulator

Mdm2. In a variety of cell types, Nutlin is capable of eliciting

a permanent cell cycle arrest with distinct features of senes-

cence; in some cases, however, this outcome is dependent on

the duration of Nutlin exposure (Efeyan et al., 2007;

Kumamoto et al., 2008). Recent studies imply that prolonged

Nutlin treatment of cells expressing wild type p53, despite in-

ducing senescent-associated features such as acidic beta-

galactosidase staining, is largely if not entirely reversible upon

Nutlin removal (Huang et al., 2009a; Korotchkina et al., 2009).

In fact, Nutlin promotes a tetraploidG1 arrest in several normal

and transformedcell lines that expresswild typep53.These cell

lines undergo DNA endoreduplication after Nutlin removal to

become stable tetraploid clones that are more resistant to

chemotherapy-induced apoptosis (Shen andMaki, 2010). Inter-

estingly, this isnotobserved inallwild typep53cells, andseems

to correlate with the ability of p53 to trigger persistent p21 ex-

pression in the tetraploid cells after Nutlin removal (Shen and

Maki, 2010). These observations call for caution in combining

Nutlin treatment with standard anti-cancer chemotherapy,
particularly when the tumor cells cannot be effectively and to-

tally eradicated by the first round of treatment.

Besides withdrawing from the cell cycle, a large portion of

tetraploid cells may undergo apoptosis (Castedo et al., 2006),

suggesting that the “tetraploidy checkpoint” might serve as

ameans for dual removal of tetraploid cells, either via apopto-

sis or by irreversible cell cycle arrest. In support of this, deple-

tion of the p53 transcriptional target and pro-apoptotic

protein BAX by RNAi mimics the effect of p53 deficiency on

tetraploidization (Castedo et al., 2006). Similarly, overexpres-

sion of the anti-apoptotic protein BCL-XL facilitates polyploid-

ization in the absence of p53 (Minn et al., 1996).

Moreover, the (rare) survival of p53-proficient tetraploid

cells strongly depends on the activity of the checkpoint kinase

Chk1 (Vitale et al., 2007). Inhibition of Chk1 kills tetraploid

cells via p38-dependent activation of p53 (see also Ignacio To-

ledo, Matilde Murga and Oscar Fernandez-Capetillo, in this is-

sue) followed by p53-mediated activation of Bax/Bak-driven

apoptosis (Senovilla et al., 2009). This may provide important

clues toward the establishment of therapeutic regimens that

eliminate p53-proficient tetraploid cells more effectively,

overcoming their inherent greater drug resistance and reduc-

ing the chance that they might eventually contribute to fur-

ther tumor progression.
4. Upstream regulators of the G1 tetraploidy
checkpoint

4.1. Spindle checkpoint

Growing evidence indicates thatmitotic checkpoint function is

required for efficient induction of a p53-dependent G1 arrest of

tetraploid cells (Andreassen et al., 2001; Vogel et al., 2004). This

understanding emerged from the analysis of non-transformed

cells treated with spindle toxins, using time-lapse microscopy.

Cells thatbecomeonlybrieflyarrested inprometaphaseeventu-

allycontinue toproliferatenormally,whereas thoseundergoing

a more prolonged prometaphase cell cycle arrest subsequently

“freeze” as tetraploids in G1, in a p38-, p53- and p21-

dependent manner (Uetake and Sluder, 2010). This and other

studies (Gao et al., 2009; Vogel et al., 2004) suggest that a pro-

tracted spindle checkpoint-mediated mitotic delay is required

for proper p53-driven G1 tetraploidy checkpoint function.

In line with this, haploinsufficiency of the mitotic check-

point protein Mad2 has been shown to increase the frequency

and number of aneuploid tumors in a p53þ/� background (Chi

et al., 2009). Interestingly, Mad2 and several other mitotic

checkpoint genes are direct targets of the E2F family of tran-

scription factors (Erez et al., 2008; Hernando et al., 2004;

Iovino et al., 2006). Since the pRb tumor suppressor protein in-

hibits E2F, downregulation of mitotic checkpoint fidelity may

account for the increased aneuploidy observed upon pRb inac-

tivation (see above).

Intriguingly, similar to inactivation of the mitotic check-

point, its hyperactivation may also promote tumorigenesis.

Thus, despite the observation that Mad2 overexpression in

normal fibroblasts has a marked negative effect on cellular vi-

ability, overexpression ofMad2 inmice leads to the generation
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of multiple tumors (Sotillo et al., 2007). Moreover, tumors that

experienceeventransientoverexpressionofMad2recuratdra-

matically elevated rates and exhibit enhanced drug resistance

(Sotillo et al., 2010), perhaps analogous to the “protective” an-

euploidy observed following Nutlin removal (see above).

BubR1, another spindle checkpoint protein, operates in

apositive regulatory loopwithp53. BubR1 facilitatesphosphor-

ylation and stabilization of p53 after mitotic spindle damage

(Ha et al., 2007) and is also a direct p53 transcriptional target

(Oikawa et al., 2005). This positive feedback loop enhances ap-

optosis, chiefly of polyploid cells (Shin et al., 2003). Despite this

seemingly epistatic relationship, inhibition of BubR1 in the

presence of mitotic toxins accelerates polyploidy even in

a p53-null background, reinforcing the idea that reduction of

chromosome segregation fidelity and acquisition of aneuploid

tolerance work synergistically to promote cancer.

4.2. Mitotic proteins

BRCA1 and BRCA2, whose germline mutations predispose

women to breast and ovarian cancers, are tumor suppressor

proteins that, among other functions, regulate cytokinesis

and centrosome cycle. Their absence induces polyploidization

andallows theproliferationof tetraploid cells, invitroaswellas

in vivo (Daniels et al., 2004). In mammary epithelial cells, defi-

cient BRCA1 function leads to binucleation, abnormal centro-

some amplification and tetraploidy (Schlegel et al., 2003). In

line with this, overexpression of BRCA2 in breast cancer cell

lines diminishes the proportion of polyploid cells. This corre-

lateswithdownregulationof theAuroraAandAuroraBkinases

as well as of E2F1, and an increase in p21 and pRb (Sagulenko

et al., 2007). Moreover, BRCA2mutations correlate with ampli-

ficationof theAuroraA locus (Bodvarsdottiretal., 2007), indicat-

ing that BRCA2 might function upstream to Aurora A.

Amplification of regulators of mitotic progression, such as

polo-like kinase1 (PLK1), Aurora A and Aurora B, also gener-

ates polyploidy viamitotic dysfunction and cytokinesis failure

(Meraldi et al., 2002). For instance, in ovarian cancer cells,

RNAi-mediated depletion of Aurora A limits genomic instab-

ility, centrosome amplification and in vivo tumorigenic

potential (Yang et al., 2010). Correspondingly, inmurinemam-

mary epithelium, overexpression of Aurora A induces CIN and

tetraploidy and consequent tumor formation (Wang et al.,

2006). Thus, overexpression of Aurora A and loss of wild

type p53 function induce similar phenotypes of centrosome

amplification and aneuploidy. Consistent with the effects of

excess Aurora A in experimental settings, Aurora A is fre-

quently overexpressed in human cancers (Meraldi et al.,

2002). Although hyperactivation of Aurora A can be aug-

mented in tumors lacking functional p53 (Meraldi et al.,

2002), the general observation is that tumors overexpressing

Aurora A tend to retain a wild type p53 gene, supporting the

notion that excessive Aurora A function may dampen the

genome-protective effects of wild type p53. These observa-

tions suggest that mitotic regulators act epistatically with

p53. Indeed, both Aurora A and Plk1 physically bind and phos-

phorylate p53, leading to its reduced function. Aurora A

achieves this outcome by phosphorylating p53 on Ser315,

which promotes Mdm2-mediated degradation (Katayama

et al., 2004), whereas Plk does it by interacting with the
DNA-binding domain of p53 to inhibit its transcriptional func-

tion in apoptosis (Ando et al., 2004).

Aurora A also interacts with and antagonistically phos-

phorylates other components of the p53 pathway, including

the tumor suppressor Lats2 (Toji et al., 2004). Lats2 is a ser-

ine/threonine kinase and a major component of the Hippo

pathway. Importantly, Lats2 controls activation of the p53-

dependent tetraploidy checkpoint (Aylon et al., 2006). Thus,

in cells exposed to nocodazole or other mitotic spindle poi-

sons, Lats2 departs from its regular site of residence in the

centrosomes and moves into the cell nucleus. There, it binds

and inactivates Mdm2, resulting in an increase in p53 protein

levels and induction of a p53-driven transcriptional response

(Aylon et al., 2006). It is tempting to speculate that the en-

hanced Mdm2-mediated ubiquitination of p53, driven by

phosphorylation by Aurora A (Katayama et al., 2004), might

be mediated by the ability of Lats2 to bind all three players;

Aurora A, Mdm2 and p53 (Aylon et al., 2006; Toji et al., 2004).

Not surprisingly, Lats2-null cells harbor a wide variety of

CIN phenotypes, including centrosome fragmentation, chro-

mosomemisalignment, and cytokinesis defectswithmultinu-

cleation (McPherson et al., 2004; Yabuta et al., 2007).

Within this process is also embedded a positive feedback

loop, wherein the Lats2 gene itself is directly transcriptionally

activated by p53, leading to a gradual and continuous increase

in Lats2 protein levels (Aylon et al., 2006; Kostic and Shaw,

2000). Interestingly, p53 that has been phosphorylated by the

spindle checkpoint kinase Mps1 is more efficient in transacti-

vating the Lats2 gene in response to mitotic stress (Huang

et al., 2009b). Together, these results suggest signal fortifica-

tion and crosstalk between effective mitosis, centrosome in-

tegrity and p53 activation in preventing tetraploidy.

Oncogenic stimuli exacerbate the effect of p53 dysfunction

by further impairing ploidy. For instance, a rapid onset of an-

euploidy is observed when the adenovirus oncoprotein E1A or

oncogenic H-RasV12 are expressed either in p53-null cells

(Woo and Poon, 2004) or in cells in which p53 is inactivated

by overexpression of Mdm2 (Seger et al., 2002). To combat

these effects, transient expression of oncogenic H-Ras

(Aylon et al., 2009) or K-Ras (Y. Aylon, unpublished) causes

Lats2 nuclear translocation and p53 activation. Moreover,

Lats2 has been shown to trigger apoptosis selectively in H-

RasV12 transformed polyploid cells (Aylon et al., 2010). In cells

with activated oncogenes, the DNA replication stress check-

point is orchestrated by an ATR-Chk1 signaling cascade

(Bartkova et al., 2006; Di Micco et al., 2006; Gorgoulis et al.,

2005) (see also Ayguel Dereli, Gwennaelle Versini and Thanos

Halazonetis, this issue). In turn, ATR-Chk1-activated Lats2

phosphorylates the p53-associated ASPP1 protein to drive

ASPP1 nuclear import simultaneously with that of Lats2 itself.

In the nucleus, ASPP1 and Lats2 direct p53 to pro-apoptotic

target gene promoters, thus enhancing the p53-mediated ap-

optotic response in tetraploid cells (Aylon et al., 2010). Follow-

ing this wave of apoptosis, Lats2-dependent oncogene-

induced senescence acts as a second line of defense against

transformation by the H-Ras oncoprotein. Cells surviving sus-

tained oncogenic H-Ras activity often do so by quenching

Lats2 expression through hypermethylation of the Lats2

gene promoter; notably, such “escaper” cells are highly tetra-

ploid (Aylon et al., 2009). These data further highlight two

http://dx.doi.org/10.1016/j.molonc.2011.07.007
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Figure 1 e Schematic representation of the steps leading to, or avoiding, aneuploidy. Wild type p53 function is crucial for the elimination of

tetraploid cells from the replicating pool. Loss of p53 and p73 tumor suppressors facilitates aneuploid tumor formation. Orange boxes represent

proliferation “stops”, whereas green represents proliferation “go”.
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important points already mentioned previously: first, that the

tetraploidy checkpoint can impinge on either cell cycle arrest

or apoptosis, and second, that tumorigenic aneuploidy tran-

spires as a two-step process involving reduction of mitotic fi-

delity and augmentation of the tolerance of abnormal

chromosome numbers.

Oncogenic H-Ras also negatively regulates the activity of

the Fbw7 protein (Minella et al., 2005). Fbw7 is a substrate rec-

ognition component of the SCF E3 ubiquitin ligase complex,

and ismutated in cancers exhibiting enhanced genomic insta-

bility (Minella et al., 2007). More recently, Fbw7 has been

shown to regulate both the mitotic and tetraploidy check-

points. This occurs via Fbw7-mediated degradation of mitotic

signal transducers such as Aurora A, resulting in augmented

activation of the Lats2-p53 module (Finkin et al., 2008).

Additional members of the Hippo pathway also have been

associated withmaintenance of proper chromosome number.

Recent studies have demonstrated that loss of RASSF1a and
p53 synergistically accelerate progression to aneuploidy

in vivo (Tommasi et al., 2011). Similarly, the Lats1 kinase is

also implicated in the G1 tetraploidy checkpoint. Lats1,

a paralog of Lats2, is a dynamic component of the mitotic ap-

paratus (Hirota et al., 2000). Inhibition of Lats1 induces pro-

longed mitotic arrest followed by abortive cell division and

polyploidy (Iida et al., 2004). Moreover, expression of kinase-

dead Lats1 is sufficient to override p53 checkpoint function,

facilitating the survival and proliferation of tetraploid cells

(Iida et al., 2004).
5. Aneuploidy and p73

As described above, p53 instigates the G1 tetraploidy check-

point to prevent cells with a 4N DNA content from re-entering

the cell cycle and proliferating. Like p53, its paralog and family

member p73 also aids in the battle against proliferation of

http://dx.doi.org/10.1016/j.molonc.2011.07.007
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aneuploid cells. Expression of dominant negative p73 in cells

lacking p53 results in rapid accumulation of a tetraploid pop-

ulation. These cells, lacking both p53 and p73 function, exhibit

diminished Chk1 levels and attenuated activating phosphory-

lation of Chk1 on Ser345 (Talos et al., 2007), indicative of

checkpoint malfunction.

p73, in contrast to p53, is covalently modified specifically

during mitosis. During mitotic arrest, hyperphosphorylated

p73 is excluded from condensed, mitotic chromatin and suf-

fers reduced transcriptional activity (Fulco et al., 2003). In-

stead, p73 interacts on the kinetochore with several

components of the spindle checkpoint, including Bub1, Bub3

and BubR1 (Niikura et al., 2010; Tomasini et al., 2009;

Vernole et al., 2009). Despite this, p73 is capable of activating

a subset of transcriptional targets during mitosis, including

the CDK inhibitor Kip2 (Merlo et al., 2005). The p73-Kip2 axis,

as well as the p73-mitotic protein interactions, are required

to control mitotic exit and prevent DNA endoreduplication

in tetraploid cells.

Reminiscent of its inhibitory effect on p53, Plk1 binds and

phosphorylates p73. This phosphorylation event both destabi-

lizes p73 and reduces its transcriptional activity (Koida et al.,

2008). Similarly, Aurora A also diminishes p73 transcriptional

activity (Dar et al., 2008). Together, these data suggest that p73

plays an important and distinct role in maintaining genomic

integrity. This genome safeguarding function of p73 may be-

come particularly important in instances in which p53 func-

tion is compromised.
6. Conclusion

Aneuploidy is the byproduct of a multistep selection process

that occurs during tumorigenesis. While p53 inactivation

may not represent the primary cause of aneuploidy, it most

probably facilitates chromosomal instability “tolerance”

resulting from other various cellular insults. Damage during

mitosis, either due to aberrant spindle checkpoint or deregu-

latedmitotic kinase function, can “ramp up” the p53 response.

Sensitized p53 preserves genomic stability on a multitude of

levels; these include limiting the generation of tetraploid cells

by instigating a G1/S cell cycle arrest, apoptotic removal of tet-

raploid cells, and inhibition of further genomic destabilization

of illicitly generated tetraploid cells that might otherwise into

more dangerous aneuploid cells. Failing this, p73 takes up

arms to act as a backup guardian of the genome. When both

p53 family members become defunct together with upstream

mitotic regulators and p53 activators, all (genomic) hell breaks

loose. Genomic instability gradually becomes more pro-

nounced and more rampant, thereby contributing to the

marked heterogeneity of the cancer cells residing within indi-

vidual advanced tumors (Figure 1).
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