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Tetraploidy can result in cancer-associated aneuploidy.
As shown here, freshly generated tetraploid cells arising
due to mitotic slippage or failed cytokinesis are prone to
undergo Bax-dependent mitochondrial membrane per-
meabilization and subsequent apoptosis. Knockout of
Bax or overexpression of Bcl-2 facilitated the survival of
tetraploid cells at least as efficiently as the p53 or p21
knockout. When tetraploid cells were derived from diploid
p53 and Bax-proficient precursors, such cells exhibited an
enhanced transcription of p53 target genes. Tetraploid
cells exhibited an enhanced rate of spontaneous apoptosis
that could be suppressed by inhibition of p53 or by
knockdown of proapoptotic p53 target genes such as
BBC3/Puma, GADD45A and ferredoxin reductase.
Unexpectedly, tetraploid cells were more resistant to
DNA damaging agents (cisplatin, oxaliplatin and camp-
tothecin) than their diploid counterparts, and this differ-
ence disappeared upon inhibition of p53 or knockdown of
p53-inducible ribonucleotide reductase. Tetraploid cells
were also more resistant against UVC and y-irradiation.
These data indicate the existence of p53-dependent altera-
tions in apoptosis regulation in tetraploid cells.
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Introduction

Cancer cells characteristically provide their own growth
signals, ignore growth-inhibitory signals, replicate without
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limit, sustain angiogenesis, invade tissues, proliferate in
unnatural locations, and avoid cell death (Hanahan and
Weinberg, 2000). Another characteristic of cancer is genomic
instability, which is frequently characterized by numeric and
structural chromosomal aberrations. Among these hallmarks,
the relationship between cell death resistance and genomic
instability remains elusive (Zhivotovsky and Kroemer, 2004).
Although it is intrinsically difficult to reconstruct the process
of aneuploidization by characterizing aneuploid cancer cells
(which have survived a Darwinian selection in which most if
not all of the intermediates have been lost), there are multiple
examples of aneuploid cancer cells generated through asym-
metric division of or progressive chromosomal loss from
tetraploid precursors (Lin et al, 2001; Castedo et al, 2004;
Imkie et al, 2004; Storchova and Pellman, 2004; Watanabe
et al, 2004; Fujiwara et al, 2005). This is particularly well
documented for cancer development from Barrett’s esopha-
gus (Barrett et al, 2003; Maley et al, 2004) and oral leuko-
plakia (Sudbo et al, 2001; Sudbo et al, 2004).

Tetraploidy can be induced through two distinct processes,
namely illicit fusion of two diploid cells (Duelli and Lazebnik,
2003; Ogle et al, 2005) or, more likely, by duplication of the
normal chromosomal number in the absence of nuclear and
cellular division. This can occur physiologically through
endoreplication (DNA replication without mitosis) or endo-
mitosis (karyokinesis without cytokinesis) or, pathologically,
through mitotic failure (Storchova and Pellman, 2004). For
instance, activation of the spindle assembly checkpoint (SAC)
usually arrests mitosis during the metaphase until the pro-
blems accounting for SAC activation have been solved and
mitotic division can ensue correctly. However, a prolonged
arrest due to the impossibility to satisfy the SAC leads to
checkpoint ‘adaptation’, ‘slippage’ or ‘leakage’ with the con-
sequent exit of mitosis and fixation of a tetraploid state
(Rieder and Maiato, 2004; Weaver and Cleveland, 2005).

Although it has been debated whether a so-called ‘tetra-
ploidy checkpoint’ exists (Uetake and Sluder, 2004), it is
widely acknowledged that tetraploid cells arrest their cell
cycle and that this arrest depends on the tumor suppressor
protein p53 (Cross et al, 1995; Yin et al, 1999; Andreassen
et al, 2001; Meraldi et al, 2002; Vogel et al, 2004; Sphyris and
Harrison, 2005). p53 is a multifunctional transcription factor,
which induces multiple target genes. Depending on the
cellular context, pS3 transactivation can stimulate DNA re-
pair (e.g. by induction of p53R2), cell cycle arrest (e.g. by
induction of p21) as well as apoptosis (e.g. by induction of
proapoptotic members of the Bcl-2 family such as Bax and
Puma/BBC3) (Vogelstein et al, 2000; Vousden and Lu, 2002;
Yu et al, 2003). Failure of the ‘tetraploidy checkpoint’ due to a
missing cell cycle arrest has been accused to be (co)respon-
sible for the genomic instability induced by inactivating p53
mutations (Cross et al, 1995; Yin et al, 1999; Andreassen
et al, 2001; Vogel et al, 2004; Sphyris and Harrison, 2005).

Based on these premises, we decided to re-evaluate the
relationship between tetraploidization and p53. We discov-
ered that one of the processes that aborts polyploid cells is
apoptosis and that suppression of apoptosis by inhibition of
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mitochondrial outer membrane permeabilization (MOMP)—
the major apoptotic checkpoint (Green and Kroemer, 2004;
Jiang and Wang, 2004)—is permissive for the survival and
propagation of tetraploid cells. When characterizing the
epigenetic regulation of tetraploid genomes, we found that
tetraploid cells are intrinsically prone to activate p53 and p53
target genes, leading to an increased spontaneous apoptosis
and—paradoxically—to an increased resistance against DNA
damage-induced cell death.

Results

Apoptosis inhibition is permissive for experimental
polyploidization

HCT116 cells exposed to the microtubule poison nocodazole
first activate the spindle checkpoint (and hence arrest in the
metaphase) and then undergo mitotic slippage to become
hyperploid. In response to acute nocodazole treatment (48 h),
both cells with a regular DNA content (2-4N) and cells with
a hyperploid DNA content (>4N) tended to lose their mito-
chondrial transmembrane potential (A¥,), as detectable
with the AW-sensitive dye DiOCg(3) (Figure 1A), thus
demonstrating signs of ongoing cell death (Green and
Kroemer, 2004). This cell death was only partially inhibited
by the pan-caspase inhibitor Z-VAD-fmk (but not by t
Z-VDVAD and Z-FA-fmk, which inhibit caspase-2 and cathe-
psin B, respectively).

In this setting, the knockout of p53, Bax or p21 (but less
than that of 14.3.3c) strongly reduced cell death and aug-
mented the percentage of viable, >4N cells elicited by a 48-h
incubation with nocodazole (Figure 1A-C). Z-VAD-fmk failed
to enhance the percentage of polyploid cells (Figure 1B). We
FACS-purified viable (AW!&") nocodazole-treated cells with
an ~8N DNA content and subjected them to fluorescent
in situ hybridization (FISH) with centromere-specific probes
for chromosomes 9 and 18. These experiments revealed the
presence of four rather than eight FISH-discernible signals per
cell for chromosome 9 and 18 (in >90% of the cases). Thus,
this population was composed by tetraploid cells in G2/M
(before separation of centromeres) rather than by octoploid
cells in G1. The FACS-purified population with an ~8N DNA
content was cultured in the absence of nocodazole for 24 h,
and the entry of cells into apoptosis was monitored
(Figure 1D). These results confirmed that de novo formed
tetraploid cells tend to die (as indicated by AY,, dissipation)
and that the removal of p53 or Bax from the system greatly
reduces the death of such cells. Of note, in this setting,
nocodazole did not induce a DNA damage response, as
indicated by the absence of DNA damage foci staining for
phosphorylated histone H2AX (Supplementary Figure 1S).
Moreover, the FACS-purified ~8N population did not
increase its DNA content upon re-culture, in line with the
FISH data indicating that these cells are in G2/M rather than
in the G1 phase of the cell cycle (Figure 1D). Very similar data
suggesting that p53 and Bax are required for the death of
tetraploid cells were obtained when polyploidization was
induced by cytochalasin D, an inhibitor of cytokinesis
(Supplementary Figure 2S). Thus, p53 and Bax inhibition
are permissive for experimental polyploidization.

Of note, neither p53 nor Bax did influence the expression
level of BubR1 and its nocodazole-induced phosphorylation
(Supplementary Figure 3S), although BubR1 has been sug-
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gested to be a major negative regulator of polyploidization
(Shin et al, 2003). Upon nocodazole treatment, Bax-proficient
cells with a >4N DNA content translocated cytochrome c
from mitochondria and activated caspase-3, while Bax-defi-
cient cells retained cytochrome c in mitochondria and failed
to activate caspase-3, as determined by confocal immuno-
fluorescence (Figure 2A). In this system, Z-VAD-fmk only
partially inhibited cytochrome c release, although it fully
blocked caspase-3 activation (Figure 2A), indicating that
MOMP can occur without caspase activation.

The survival of cells with a hyperploid DNA content
(>4N) was facilitated by Bax inhibition in several experi-
mental systems. Thus, nocodazole-treated HeLa cells that
overexpress two distinct Bax antagonists (Bcl-2 or the cyto-
megalovirus-derived mitochondrial inhibitor of apoptosis,
vMIA) (Poncet et al, 2004) did not undergo apoptosis when
they accumulated >4N DNA in response to nocodazole
(Figure 2B). Mouse embryonic fibroblasts (MEF) in which
both Bax and its structural homolog Bak were subjected to a
double knockout (DKO) (Wei et al, 2001), also generated
more cells with a >4N DNA content in response to nocoda-
zole than wild-type MEF (Figure 2C). When nocodazole was
replaced by another spindle poison, docetaxel (Figure 2D),
the absence of Bax again facilitated the generation of cells
with >4N DNA.

In short-term experiments (48h), the p53 and the Bax
knockout were equivalently permissive for DNA accumula-
tion >4N (Figure 1, Supplementary Figure 2S). However,
upon prolonged culture (10 days) of cells transiently exposed
to nocodazole (2 days), Bax-negative HCT116 cells had
generated more polyploid cells than p53-negative cells, and
these Bax-negative polyploid cells were undergoing less
spontaneous death than pS53-negative polyploid cells
(Figure 3A). Note that at this time point (10 days), diploid
cells that had been exposed transiently to nocodazole did not
undergo a higher rate of apoptosis than untreated control
cells, as determined by FACS purification of the cells with
a 2N DNA content and re-culture of the cells for 24h
(Figure 3B). The fact that Bax KO protected >4N cells from
spontaneous apoptosis more efficiently than the p53 KO
(Figure 3A), suggested the existence of a p53-independent
Bax activation pathway. Accordingly, a substantial fraction of
p53-KO cells with a >4N DNA content demonstrated posi-
tivity for activated Bax (detectable with an antibody specific
for the N-terminus, which is exposed upon activation and
mitochondrial membrane insertion of Bax) as late as 10 days
after nocodazole treatment (Figure 3C and D). In contrast, the
percentage (but not the absolute number) of tetraploid cells
exhibiting the activating phosphorylation of p53 on serine 15
was significantly reduced in Bax KO cells as compared to
wild-type controls, 10 days after nocodazole treatment
(Figure 3C and D), presumably as a result of the outgrowth
of viable tetraploid cells, Altogether, these data indicate that
cells with a >4N DNA content are usually aborted by
apoptosis executed through a Bax-dependent mitochondrial
pathway.

Establishment of tetraploid cell lines and
characterization of their transcriptome

Although nocodazole or cytochalasin D-treated wild-type
HCT116 cells massively succumbed to apoptosis upon accu-
mulation of a >4N DNA content (Figures 1-3), we could
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Figure 1 Acute mortality of polyploid cells modulated by p53 and Bax. Wild-type (WT) HCT116 cells or cells manipulated to lose expression of
P53, p21, 14.3.3c or Bax were cultured in the absence or presence of nocodazole, alone or combined with the protonophore FCCP (which
dissipates the AW¥,,) or the protease inhibitors Z-VAD-fmk, Z-VDVAD-CHO or Z-FA-fmk for 48 h, followed by three-color staining with Hoechst
33342 (which measures DNA content), DiOC4(3) (which measures AW¥,,) and propidium iodine (P, a vital dye that incorporates only into dead
cells) and cytofluorometric evaluation. (A) Representative pictograms showing the polyploid cells (DNA content >4N) with a normal AY,,
(upper window), as well as polyploid cells with reduced AY,, (lower window). Numbers refer to the percentage of polyploid DiOCg(3)'°Y cells
(considering 100% as the sum of all polyploid cells). (B) Percentage of polyploid cells among the total population of cells treated as in (A).
(C) Frequency of dying (DiOC4(3)°%) and dead (PI™8") cells among the polyploid population elicited by nocodazole, as determined by FACS
analysis. Values are X +s.e.m. of five independent experiments. Asterisks refer to significant effects (paired Student’s t-test, P<0.001). (D) Fate
of viable polyploid cells elicited by nocodazole. Cells with the indicated genotype were cultured for 30h in the absence or presence of
nocodazole and then stained with Hoechst 33342 and DiOC¢(3), followed by FACS purification of the euploid (2N) or polyploidy (>4N)
DiOCq4(3)™8" cells (as indicated by the windows in the upper panels). These purified cells were then cultured for 24 h and reanalyzed after
restaining with Hoechst 33342 and DiOCq4(3), as indicated in the lower panels. Numbers indicate the percentage of cells with a DiOCg(3)"°"
phenotype (X+s.e.m., n=3).
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Figure 2 Mitochondrial cell death regulators and the fate of polyploid cells. (A) Evidence for MOMP in nocodazole-treated cells. Untreated
control or nocodazole treated HCT116 cells (either wild type or Bax KO) were treated for 48 h with nocodazole alone or in combination with
Z-VAD-fmk, followed by confocal immunofluorescence staining with antibodies specific for cytochrome ¢ (Cyt ¢) and proteolytically active
caspase-3 (Casp-3a). The percentage of cells exhibiting diffuse Cyt c¢ staining or positivity for Casp-3a was determined among the entire
population in controls and among nocodazole treated cells that exhibited a larger nucleus than controls, and that were considered as polyploid
(X+s.e.m., n=3). (B) Effect of Bcl-2 overexpression and vMIA expression on the fate of polyploid cells. HeLa cells transfected with Bcl-2 or
vMIA were treated for 48 h with nocodazole. Then, the frequency (X+s.e.m., n=4) of polyploid cells among the total population (left panels)
or that of dying (DiOC(3)"°") and dead (PI"®") cells among the polyploid population elicited by nocodazole (right panels) was determined as
in Figure 1A-C. (C) Comparison of wild-type or Bax /~“Bak /~ DKO MEF in their response to nocodazole. Cells were treated and monitored as
in (B). (D) Effect of the Bax and p53 knockout on docetaxel-induced polyploidization. HCT116 cells with the indicated genotype were treated
for 48 h with 100 nM docetaxel and the frequency (X+s.e.m., n=4) of polyploid cells among the total population (left panels) or that of dying
(DiOC4(3)'°™) and dead (PI™®") cells among polyploid cells (right panel) was determined.
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isolate a few clones of tetraploid HCT116 wild-type cells
(Figure 4A). Such cells arose either after treatment with
nocodazole (clones N1 and N2) or cytochalasin D (clones
C1 and C2) at a frequency of less than 1 in 10000 and were
found to express unmutated, normal Bax levels (not shown).
In contrast, we were unable to generate stable clones with a
higher-order polyploidy (e.g. octoploidy), irrespective of the
HCT116 genotype investigated. We observed that another
diploid colon carcinoma cell line, RKO, spontaneously con-

©2006 European Molecular Biology Organization

tained ~5% of tetraploid cells. Limiting dilution-based clon-
ing led to the isolation of several stable tetraploid clones (T1-
7) and several diploid clones (D1-D7, which after several
passages again contained ~5% of tetraploid cells). One
of these latter clones (D5) was transfected with a histone
H2B-GFP fusion construct (which allows to visualize
chromosomes and to measure chromatin content) and then
FACS-separated to generate H2B-GFP-positive tetraploid (TA,
TB, TC, TD) and diploid (DW, DY, DX, DZ) subclones
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Figure 3 Long-term effects of Bax and p53 on the survival of polyploid cells. (A) Chronic mortality of polyploid cells modulated by p53 and
Bax. HCT116 cells with the indicated genotype were treated for 48 h with nocodazole, then washed extensively (5 x ) and cultured during
further 8 days in normal culture medium, followed by determination of the frequency (X+s.e.m., n=>5) of live, dying and dead polyploid cells

as in Figure 1A-C. Note that less than 5% of cells with an ~2N DNA content were dying (D10C6(3)1°‘”) or dead (PI"&") cells and that dying or
dead cells were almost exclusively found in the polyploid (>4N) population. (B) Fate of viable polyploidy cells induced by nocodazole. HCT116
WT or HCT116 BaxKO cells were transiently exposed to nocodazole for 2 days and then cultured for 8 days without nocodazole, stained with
DiOCq(3) versus Hoechst 33342 followed by FACS purification of cells with 2N or 8N DNA content, cultured for 24 h and relabelled with
DiOCq(3) and PI to determine the frequency of dying and dead cells. (C, D) p53-dependent and -independent Bax activation in a fraction of
polyploid cells. HCT116 cells (WT, Bax KO or p53 KO) were cultured for 48 h in nocodazole and then for 8 days without nocodazole, followed
by immunofluorescence staining of activated Bax and S15-phosphorylated p53. Representative micrographs are shown in (C), and data are
quantified in (D). The percentage of cells exhibiting a punctate cytoplasmic staining for activated Bax or a nuclear staining for S15-
phosphorylated p53 was assessed among the entire population in untreated controls and among nocodazole-exposed, polyploid cells
(X+s.em., n=3).

(Figure 4B). Again, there was no consistent difference in the
expression level of Bax, Bcl-2, and BubR1 between diploid
and tetraploid cells (Figure 4C).

Karyograms and comparative genomic hybridization
(CGH) performed on representative RKO clones indicate

2588 The EMBO Journal VOL 25| NO 11 | 2006

that tetraploid cells contained an exact duplication of the
diploid set of chromosomes, without any CGH-detectable
duplication or deletion (Supplementary Figure 4S). We then
determined whether tetraploidization would induce epige-
netic changes in the transcriptome, by performing microarray

©2006 European Molecular Biology Organization
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Figure 4 Establishment and characterization of tetraploid cell lines. (A) Comparison of the DNA content of a representative tetraploid HCT116
cell line and of its diploid control. (B) Genealogy of diploid and tetraploid RKO clones. The wild-type control cell line containing ~5%
tetraploid cells was subcloned by limiting dilution into diploid and tetraploid clones; The D5 clone was transfected with a cDNA encoding an
H2B-GFP chimera, FACS-separated into subsets of cells enriched in a diploid or tetraploid DNA content, and again subcloned to generate diploid
and tetraploid H2B-GFP-expressing clones. Representative fluorescence micrographs of such cells are shown (the width of the squares is
25um). (C) Western blot determination of the expression levels of Bax, Bcl-2, p53 and BubR1, with GAPDH as a loading control. (D) Microarray
analyses of the transcriptome of diploid versus tetraploid cells. The clones HCT116 C1 and C2 and N1 and N2 are tetraploid, generated upon
cytochalasin D or nocodazole treatment, respectively. Clones Col-4 are diploid. The RKO clones are described in (B). The overlap between the
genes coming from an ANOVA test with a threshold P-value of 10~ on the HCT116 samples (Supplementary Figure 5S) and the same test on the
RKO samples (Supplementary Figure 6S) led to the selection of 29 genes. These genes were subjected to a hierarchical cluster analysis using
a calculation based on cosine correlation and the agglomerative method of the average link. Each row represents the combination of two
dye-swap experimental samples and each column represents a single accession number. *marks genes that carry at least one consensus p53-
binding consensus sequence (RRRCWWGYYY), within the 2000 nucleotides upstream of the transcription start. # marks genes the promoter of
which contains putative p53 binding sites, as determined by another procedure bases on a sliding profile of four matrixes of the sequence

RRRCA/TT/AGYYY, as detailed in the Materials and methods.

comparisons of four diploid and four tetraploid HCT116
clones generated by treatment with either nocodazole or
cytochalasin D (Supplementary Figure 5S). Similarly, we
compared the transcriptome of four diploid and four tetra-
ploid H2B-GFP-positive RKO subclones (Supplementary
Figure 6S). Surprisingly, there were little changes in the
transcriptome of tetraploid HCT116 or RKO cells. The com-
bined comparison of the 16 diploid and tetraploid clones led
to a short list of genes that were consistently up- or down-
regulated by more than 20% as a function of ploidy. The gene
that was most downregulated in tetraploid cells was the
winged helix transcription factor FOXD1 (by 40%) and
the two genes that were most upregulated were ZNF395,
the zinc-finger protein 395 (by 40%), and RRM2B, the gene
encoding p53R2, the p53-inducible ribonucleotide reductase-

©2006 European Molecular Biology Organization

2 (by 30%). These results were confirmed by independent
quantitative PCR analyses (not shown). Although the differ-
ences were small (20-25%), we found that three previously
identified p53-inducible transcripts were significantly
(P<0.0001, ANOVA test) incremented in tetraploid cells:
BBC3 (which encodes the proapoptotic BH3 only protein
Puma) (Nakano and Vousden, 2001; Yu et al, 2001),
GADDA45A (a cell cycle regulator), and FDXR (which encodes
the mitochondrion-localized ferredoxin reductase) (Hwang
et al, 2001) (Figure 4D). Intriguingly, 12 out of the 29 genes
(41%) contained in the short list of ploidy regulated genes
were found to contain a p53 consensus binding site or a
putative p53-responsive tetrarepeat motif in the promoter
region (Figure 4D). These data point to a major dysregulation
of the p53 system in tetraploid cells.

The EMBO Journal VOL 25| NO 11 | 2006
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Enhanced spontaneous apoptosis of tetraploid cells

As compared to their diploid precursors, a higher percentage
of tetraploid cells exhibited the activating phosphorylation of
p53 on serine 15 (p53S15P) or serine 46 (p53S46P), detect-
able by immunofluorescence staining with antibodies specific
for p53 phospho-neoepitopes. This was observed in RKO
(Figure 5SA-C) and HCT116 cells (not shown). In contrast,
we found no difference in the phosphorylation of histone
H2AX that would be indicative of DNA damage (not shown).
p53 phosphorylation was mainly detected in tetraploid cells
that were terminating cytokinesis (Figure 5B), suggesting that
p53 activation resulted from deficient mitoses. The increased
phosphorylation of p53 on serine 15 was accompanied by
a general increase in p53 expression levels, as determined by
immunoblot (Figure 5D). An increased percentage of tetra-
ploid cells died spontaneously from apoptosis, as indicated
by the AW, loss (Figure 5E), chromatin condensation, and
incorporation of the vital dye PI (not shown). The caspase
inhibitor Z-VAD-fmk did not affect the spontaneous mortality
of tetraploid cells. However, there was an effect of cyclic
pifithrin-o, which palliated the overmortality of tetraploid
clones down to the diploid level both in RKO (Figure SE)
and in HCT116 cells (not shown). siRNA-mediated knock-
down of Puma and of the Puma target Bax also reduced the
spontaneous apoptosis of tetraploid cells. Similarly, knock-
down of FDXR and GADD45A reduced the spontaneous
apoptosis of tetraploid cells (Figure 5F), indicating that these
p53 target genes contribute to the death of tetraploid cells.

Selective resistance of tetraploid cells against
DNA-damaging agents

Since p53 controls the cell death induced by DNA damage
(Vogelstein et al, 2000; Vousden and Lu, 2002), we evaluated

A B

the apoptotic response of diploid and tetraploid cells. While
there was no difference in the apoptotic response to the pan-
tyrosine kinase inhibitor staurosporine (STS), tetraploid RKO
clones without (Figure 6A) or with H2B-GFP (Figure 6B)
as well as tetraploid HCT116 clones (Figure 6C) died less in
response to cisplatin than their diploid counterparts. When
exposed to cisplatin, tetraploid cells manifested a less pro-
nounced AY, dissipation (Figure 6C), Bax activation and
proteolytic caspase-3 maturation than their diploid controls
(Figure 6D). This relative resistance of tetraploid cells was
also observed when cisplatin was replaced by oxaliplatin
(which, as cisplatin, is a platinum compound) or the topo-
isomerase-1 inhibitor camptothecin. In contrast, there was no
ploidy-specific difference in the apoptotic response to a
number of other toxic compounds including staurosporine
(Figure 6A-C), etoposide, doxorubicin and hydroxyurea
(Figure 6E). Tetraploid RKO and HCTI116 cells were also
more resistant against apoptosis induced by UVC or y-irradia-
tion (Figure 6F). The relative cisplatin resistance was found
again in FACS-purified MEF with an 8N DNA content. Such
hyperploid cells were obtained by short-term (2 days) culture
with 17-allylamino-17-demethoxygeldanamycin, and com-
pared to FACS-purified diploid controls cells that had under-
gone an identical treatment (Figure 6G). Thus, even acute
polyploidization caused cisplatin resistance. When injected
into immunodeficient mice, both diploid and tetraploid RKO
cells generated tumors (Figure 6H). Tetraploid tumors were
relatively more resistant to cisplatin chemotherapy than
diploid cancers (Figure 6I). Hence, the increased cisplatin
resistance of tetraploid cells could be confirmed in vivo.

To explore the molecular mechanisms of drug resistance,
we investigated the cisplatin response in diploid and
tetraploid cells that were cocultured. Diploid RKO clones
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(H, I). Tumor growth of untreated (G) or cisplatin-treated (H) RKO cells in vivo. Diploid (DY) or tetraploid (TA) RKO clones were injected
subcutaneously into athymic nu/nu mice (n = 10) and tumor growth (X +s.e.m.) was determined with a caliper. The animals (1 = 10 per group)
were treated on day 12 by intraperitoneal injection of cisplatin (in H).

©2006 European Molecular Biology Organization The EMBO Journal VOL 25 | NO 11| 2006 2591



Apoptosis and tetraploidy
M Castedo et a/

(H2B-GFP positive) and tetraploid RKO clones (H2B-GFP higher rate of spontaneous apoptosis than diploid controls
negative) were admixed at different ratios and then cocul- (see above). This shift towards a predominance of diploid
tured during several days in the absence or presence of cells, as observed in untreated cultures, was not affected by
cytotoxic drugs. Cultures initiated at a 50:50 ratio (diploid: STS. However, addition of cisplatin favored the relative out-
tetraploid) shifted to a predominance of diploidy after 5 days growth of tetraploid cells, in line with the interpretation that
(Figure 7A), in accord with the observation that the mean tetraploid cells are fitter than diploid cells in conditions of
duplication time of diploid cells (23.2 h) was shorter than that DNA damage (Figure 7A and B). Similar results were ob-
of tetraploid cells (26.4h), and that tetraploid cells exhibit a tained for mixed diploid/tetraploid cultures of HCT116 clones
A . Control Cisplatin STS
S P! 75 19 51
10°

yae 4

N i :;Eﬁ ! i- 1 '% 2 ﬁ E ¥ 5
1003 .1 15 - 55,20 8 5
LRLLL BRELIL BRELLL BB LRLLL BRRLLL Rt [BRELLL ELELLL B ---nnrrnnml

3

6 29

_
<

TMRM
S
~
voud vyl el vl
%
ool o m wul v o] vl
)

100 10% 10 10° 10 10+ 10° 102 10*
GFP
C 100
B 30 B Tetraploid % Il Co @ Pifithrin 10 [ Pifithrin 30
[C] piploid S 80+
= =t _
204 % 0 e
S g . - BT
2
10 il S 407
&
20
0 0 10 20 25 50 (uM)
Cisplatin Oxaliplatin
100 D g0 |28 Diploid Co siRNA SigNASSfORrZ
80 - Il Tetraploid Co siRNA ~op P53R2
s [ Diploid p53R2 siRNA s GAPDH
2
L 604 |- >
40 S
|
20 ®
0 -
10 0 5 10 20
Cisplatin (uM)
7 E _ COODiploid M Tetraploid
R 5
0 4
Co Co CP Campt STS
Day 0 Day 5 siRNA: Co Bax FDXR GADD45 Puma
+Cisplatin

Figure 7 Mechanisms of cisplatin resistance in tetraploid cells. (A, B) Assay for the simultaneous detection of diploid and tetraploid cells dying
with cisplatin. The GFP-H2B-expressing diploid RKO clone DY was mixed with the GFP-negative tetraploid RKO clone T1 at a 1:1 ratio (in A),
followed by culture for 5 days in the absence of cytotoxic drugs (control) or in the presence of cisplatin or staurosporine (STS), and then stained
with TMRM to determine the proportion of dying diploid and tetraploid cells. Note the increase in the relative frequency of diploid cells in
untreated control cultures, irrespective of the initial diploid: tetraploid (D:T) ratio (1:1 in (A) or 9:1, 1:1 or 1:9 in (B)), while cisplatin increases
the percentage of tetraploid cells in the cultures. Similar results indicating an enhanced resistance of tetraploid cells against cisplatin were
obtained when tetraploid H2B-GFP-expressing clones were co-cultured with diploid GFP-negative clones (not shown). (C) Effect of cyclic
pifithrin-o (Pif) on the D:Tratio. Cells (inital ratio 1:1) were cultured in the absence of presence of cisplatin, oxaliplatin and/or cyclic pifithrin-o
(doses in pg), and the D:Tratio of the cultures was determined after 5 days. (D) Effect of small-interfering RNA designed to downregulate p53R2
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or emerin, and 36h later the cells were treated with cisplatin for 2 days, and the frequency of dying (TMRM'°") cells was measured. The
immunoblot demonstrates the efficacy of p53R2 440 on p53R2 protein expression, as tested on a pool of RKO-derived clones. Similar functional
results were obtained for a second p53R2-specific siRNA (UTR, not shown). (E) Effect of other p53 target genes on the cisplatin response.
Specific siRNAs were used to downmodulate emerin (Co), FDXR, GADD45SA, BAX or Puma, and the frequence of dying (TMRM“’W) cells
(X+s.e.m., n=3) was determined after addition of 20 uM cisplatin for 2 days. Note that the values of spontaneous apoptosis (obtained in the
absence of cisplatin) are contained in Figure SF. Asterisks in (C-D) indicate significant (P<0.01) apoptosis-inhibitory effects.
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in which either of the two clones was labeled with the stable
fluorescence marker CMFDA (not shown) or when cisplatin
was replaced by oxaliplatin (Figure 7C). Addition of the p53
inhibitor cyclic pifithrin-o prevented the cisplatin- or oxali-
platin-induced shift in favor of tetraploid cells (Figure 7C),
suggesting that p53 target genes determine the differential
behavior of diploid versus tetraploid cells. One of the four p53
target genes overexpressed in tetraploid cells, p5S3R2, has
previously been shown to confer cisplatin resistance (Lin
et al, 2004; Okumura et al, 2005). We therefore knocked
down p53R2 expression by siRNA. Down modulation of
pS3R2 sensitized tetraploid cells to cisplatin-induced cell
death and annihilated the difference in the cisplatin
response between diploid and tetraploid cells (Figure 7D).
As expected, downmodulation of Bax, Puma, GADD45A and
FDXR reduced cisplatin-induced apoptosis, both in diploid
and in tetraploid cells (Figure 7E). Altogether, these
data indicate that subtle differences in the p53 transcriptome
and in particular in p53R2 expression may explain the
relative resistance of tetraploid cells against DNA-damaging
agents.

Discussion

Based on the data shown in this paper, it appears plausible
that disabled apoptosis could be permissive for the genera-
tion of tetraploid cells, while tetraploidization has an intrinsic
effect on apoptosis regulation. Acute tetraploidization caused
activation of p53 (see phosphorylation of p53 in Figure 3D),
in accord with the literature (Cross et al, 1995; Yin et al, 1999;
Andreassen et al, 2001; Du and Hannon, 2004; Vogel et al,
2004; Sphyris and Harrison, 2005). Acute tetraploidization
also resulted in the (partially p53-dependent and partially
p53-independent, Figure 3D) activation of Bax, which adopts
its proapoptotic conformation (Figures 2A and 3D) and
triggers MOMP with cytochrome c release and consequent
caspase activation (Figure 2A). MOMP is likely to lead to
caspase activation in an amplification loop in which caspase
activation, in turn, feeds back on MOMP (Adams, 2003;
Danial and Korsmeyer, 2004), explaining the partial inhibi-
tory effects of caspase inhibition (Figures 1A-C and 2A).
Since the knockout of Bax or the overexpression of Bax
antagonists (such as Bcl-2 or vMIA) blocks cell death and
increases the survival of tetraploid cells at least as efficiently
as does the knockout of p53 (and that of p21) (Figures 1-3), it
appears that one mechanisms that suppresses nonphysiolo-
gical tetraploidization is the apoptotis. In this context, apop-
tosis would be as a mechanism of quality control (in accord
with the rule ‘better dead than wrong’) (Thompson, 1995)
which, when perturbed, is permissive for the generation of
tetraploid cells.

Although disabled apoptosis enhances the probability of
stable tetraploidization, we were able to derive tetraploid
clones from diploid parental lines that were apoptosis-com-
petent (Figure 4). These tetraploid clones apparently main-
tained the capacity to undergo apoptosis (and hence
remained fully susceptible to cell death induction by staur-
osporine or antimycin A but also drugs such as etoposide and
vinorelbine) (Figure 6), in accord with the observation that
they had no major cytogenetic defects (Figure 4S), expressed
normal Bax and enhanced p53 levels (Figures 4C and 5D),
and exhibited no downregulation of gene products with
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essential functions in apoptosis (Figure 4D). Tetraploidy-
associated changes in the transcriptome were subtle (with
the highest variation by less than a factor of 2), which
contrasts with reports showing that acute tetraploidization
by etoposide treatment has dramatic effects on multiple
transcripts (Chen et al, 2003). However, in our system, we
investigated the long-term effects of tetraploidization, several
weeks after removal of the tetraploidy-inducing agent. We
found a significant, yet minor (20-40%) increase in the
expression of several p53 target genes (Figure 4D). p53
would be activated among a fraction of tetraploid cells,
based on three lines of evidence, namely an activating p53
phosphorylation (on serine 15 and 46) (Figure 5A-D), an
increased overall p53 protein level (Figure 5D), and an
increased spontaneous mortality, which was blocked by p53
inhibition (Figure 5E) or by inhibition of several proapoptotic
p53 target genes (Bax, BBC3/Puma, GADD45A, FDXR)
(Figure 5F). The mechanism of the p53 phosphorylation is
not clear. However, p53 was phosphorylated in cells that were
completing mitosis (Figure 5B), suggesting that p53 activa-
tion would be linked to an intrinsic difficulty in managing the
division of tetraploid genomes.

Unexpectedly, tetraploid cells did exhibit an increase in the
ICso for DNA-damaging agents such as cisplatin, oxaliplatin
and camptothecin, by a factor of approximately two
(Figure 6E). This was not a cloning artifact because it could
be reproduced in distinct cell lines, as well as in separate sub-
subcloning procedures (Figure 6). Moreover, it was probably
not related to issues of drug uptake and efflux because
tetraploid cells were also more resistant to physical DNA
damage by UVC or y-irradiation (Figure 6F). Inhibition of p53
reversed the relative resistance of tetraploid cells to DNA-
damaging agents such as cisplatin (Figure 7C), an effect that
could be related to the expression of one particular p53 target
gene, pS3R2 (Figure 7D). Thus, among the few p53 target
genes that are induced in tetraploid cells, the antiapoptotic
p53R2 functionally dominates over proapoptotic genes such
as BBC3/Puma and FDXR when the cisplatin response is
assessed.

Altogether, the data contained in this paper suggest a dual
implication of p53-triggered mitochondrial apoptosis in tetra-
ploid cells. First, shortly after tetraploidization, p53 contri-
butes to the activation of the Bax-dependent mitochondrial
pathway. At this stage, there are probably also p53-indepen-
dent mechanisms that can lead to the activation of Bax and to
the induction of apoptotic MOMP. Second, when tetraploid
cells have become relatively stable and enter a logarithmic
phase of growth, p53 is activated at a low level. At this stage,
p53 causes the transcriptional activation of several genes,
some of which trigger the apoptotic pathway at the mito-
chondrial level. This applies to FDXR, whose gene product
perturbs the mitochondrial redox equilibrium (Hwang et al,
2001), as well as to BBC3/Puma, which is well known to
activate Bax through direct physical interactions and hence to
stimulate Bax-mediated MOMP (Nakano and Vousden, 2001;
Yu et al, 2001). Thus, at this stage, p53 activation accounts for
the reduced fitness of tetraploid cells that exhibit an elevated
rate of spontaneous apoptosis and proliferate less than di-
ploid parental cells. As a side effect of the enhanced p53
activation and enhanced expression of p53R2, however,
tetraploid cells develop a relative resistance against DNA-
damaging agents.
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In a larger context, our data fit into a scenario in which
apoptosis activated through the mitochondrial pathway ac-
tively contributes to the elimination of polyploid cells, while
tetraploidy causes a shift towards apoptosis resistance. Along
the same line, it can be speculated that asymmetric division
or chromosome loss from tetraploid cells would trigger
apoptosis as a default pathway and that only a few, stress-
resistant cells would survive aneuploidization and hence
contribute to the oncogenic process.

Materials and methods

Cell lines, culture and treatment

Derivatives of the HCT116 cell line (parental, Bax /", p53’/’, p21 /=
or 14-3-36~/7) were a kind gift by B Vogelstein (Chan et al, 1999;
Zhang et al, 2000) and were grown in McCoy’s 5A medium
supplemented with 10%FCS. HeLa cells transfected with Bcl-2 or
VMIA (Poncet et al, 2004) and wild type of Bax /~“Bak™/~ DKO
MEFs (Wei et al, 2001) were maintained in DMEM and RPMI1640,
respectively, with 10% FCS. Cell lines were treated with nocodazole
(100nM, Sigma) or docetaxel (100nM) for 48 in the presence or
in the absence of Z-VAD-fmk (100 uM) or other protease-inhibitors
(Enzyme Systems). Unless specified differently, the standard
concentrations were the following: camptothecin: 50 nM; cisplatin:
20 uM; cyclic pifithrin-o: 30 uM; staurosporine:1 uM. To generate
tetraploid and diploid clones, the cell line RKO containing ~5%
tetraploid cells was subcloned by limiting dilution into diploid and
tetraploid clones. One diploid clone was transfected with a cDNA
encoding H2B-GFP (Pharmingen), selected in blasticidine (20 pg/
ml, InVitrogene), FACS-separated into subsets of cells enriched in a
diploid or tetraploid DNA content to generate diploid and tetraploid
H2B-GFP-expressing clones. Tetraploid HCT116 clones were gener-
ated upon treatment with cytochalasin D (0.6 ug/ml, 48h) or
nocodazole (100nM, 48h). A colorimetric assay for quantification
of cell viability based on the cleavage of the tetrazolium salt WST-1
(Roche Diagnostics, Germany) was used to measure the ICsqy for
DNA-damaging agents.

siRNAs

The knockdown of Bax, Puma, FDXR, Gadd45A or p53R2 was
performed with siRNAs purchased from Proligo (Bax sense 5'-
GGUGCCGGAACUGAUCAGATT-3, anti-sense: 5'UCUGAUCAGUU
CCGGCACCTT-3/; FDXR: sense 5-CUGGAGGCCCUCCUUUUGTT-3/,
antisense 5-ACAAAAGGAGGGCCUCCAGTT-3’; GADDA45A: sense
5'-CGACCUGCAGUUUGCAAUATT-3', antisense 5-UAUUGCAAACUG
CAGGUCGTT-3'); PUMA: sense 5'UCUCAUCAUGGGACUCCUGTT-
3’ or 5-UUGAGGUCGUCCGCCAUCCTT-3/; p53R2 440: sense
5'-GCAGAAGAGGUCGACUUAUTT-3', antisense 5'-AUAAGUCGACCU
CUUCUGCTT-3’; p53R2 UTR : sense 5-GAACAUGGUAGGGAU
UAUUTT-3, antisense 5-AAUAAUCCCUACCAUGUUCTT-3). As a
control, an siRNA specific for emerin (Elbashir et al, 2001) as well
as scrambled control siRNAs were used. Diploid and tetraploid RKO
were cultured in 12-well plates and transfected at 30-40%
confluence by adding oligofectamine (Invitrogen) complexed with
siRNA (final 150 nM). After 72 h, the efficiency of transfection was
determined by immunoblot, yielding in each case >80% of down-
modulation of the target gene product.

Microarray analyses and identification of putative p53 binding
sites

The microarray data (see Materials and methods in the legend to
Supplementary Figure 5S) were submitted to the EBI database and
are available under the access code E-TABM-70 IGR_PLOIDY.
Putative p53 binding sites were searched within the 2000
nucleotides upstream of the transcription start of each transcript,
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using two distinct methods. The first method was based on a sliding
profile of four matrices of 10 nucleotides in length, spaced between
0 and 13, with each matrix position having a score of 1 for each
match but 10 for the central C and G positions (RRRCA/TT/
AGYYY). A threshold of 104/112 has been set for this analysis
(Bourdon et al, 1997). The second method was based on the
identification of at least one p53 consensus binding sequence
(RRRCWWGYYY), using the tfsccan program of the EMBOSS suite
(Rice et al, 2000).

Staining of live cells and immunofluorescence

Live cells were stained with AW,-sensitive dies (40nM
3,3/dihexiloxalocarbocyanine iodide, DiOC4(3), or 150nM tetra-
methylrhodamine methylester, TMRM, Molecular Probes), vital
dies (2pg/ml propidium iodine, PI, Sigma; or 10 uM 4,6-diamino-2
phenylindole, DAPI, Molecular Probes), or Hoechst 33342 (2 uM,
Molecular Probes) for 30min at 37° (Castedo et al, 2002a).
Cytofluorometric analyses were performed on a FACS Vantage
(Becton Dickinson) equipped with a 70 um nozzle and CellQuest
software. Cells were fixed with paraformaldehyde (4% w:v) and
then stained with rabbit antisera specific for p53 phophorylated on
serine 15 or serine 46 (Cell Signaling Technology, MA, USA), Casp-
3a (Cell Signaling Technology), all revealed with a goat anti-rabbit
IgG conjugated to Alexa 568 (red) from Molecular Probes. Cells
were also stained for the detection of activated Bax (mAb 6A7, BD
Pharmingen), H2AXP (rabbit polyclonal, Trevigen), cytochrome ¢
(mAb, BD Transduction Laboratories), and revealed with an anti-
mouse IgG Alexa conjugated to Alexa 488 (green) from Molecular
Probes (Castedo et al, 2002b).

Quantitation of protein expression

Protein samples were prepared from HCT116 or RKO cells in lysis
buffer. Aliquots of protein extracts (50 pug/lane) were subjected to
immunoblots using antibodies specific for p53 (DO-1, Santa Cruz
Biotechnology, CA), p53R2 (goat polyclonal N-16, Santa Cruz),
Chkl (rabbit polyclonal antibody FL-476, Santa Cruz), BubR1
(mAb, BD Transduction Laboratories), Bax (N-20, Santa Cruz), Bcl-
2 (mAb 100, Santa Cruz), VDAC (anti-porin 31HL, Calbiochem) and
GAPDH (Chemicon, CA).

In vivo model

Athymic nu/nu 6-week-old female mice (IGR animal facility) were
inoculated s.c. in 200l of PBS with 3 x 10° diploid or tetraploid
RKO cells into the lower flank. When tumors reached 125 mm?,
mice received i.p. either 200 ul of PBS1X or 5mg/kg of cisplatin
three times a week during 3 weeks. Tumor growth was measured
with a caliper. The mean of the tumor volume at each point was
normalized in each group to the mean volume measured at the first
injection. Then, the tumor growth of the diploid and tetraploid
treated group was normalized to the growth of the nontreated
diploid or tetraploid group, respectively. All animals were main-
tained in specific pathogen-free conditions and all experiments
followed the FELASA guidelines.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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