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ABSTRACT
Tetraploidy has been proposed as an intermediate state in neoplastic transformation due to the intrinsic
chromosome instability of tetraploid cells. Despite the identification of p53 as a major factor in growth
arrest of tetraploid cells, it is still unclear whether the p53-dependent mechanism for proliferation
restriction is intrinsic to the tetraploid status or dependent on the origin of tetraploidy. Substrate
adherence is fundamental for cytokinesis completion in adherent untransformed cells. Here we show that
untransformed fibroblast cells undergoing mitosis in suspension produce binucleated tetraploid cells due
to defective cleavage furrow constriction that leads to incomplete cell abscission. Binucleated cells
obtained after loss of substrate adhesion maintain an inactive p53 status and are able to progress into G1
and S phase. However, binucleated cells arrest in G2, accumulate p53 and are not able to enter mitosis as
no tetraploid metaphases were recorded after one cell cycle time. In contrast, tetraploid metaphases were
found following pharmacological inhibition of Chk1 kinase, suggesting the involvement of the ATR/Chk1
pathway in the G2 arrest of binucleated cells. Interestingly, after persistence in the G2 phase of the cell
cycle, a large fraction of binucleated cells become senescent. These findings identify a new pathway of
proliferation restriction for tetraploid untransformed cells that seems to be specific for loss of adhesion-
dependent cytokinesis failure. This involves Chk1 and p53 activation during G2. Inhibition of growth and
entrance into senescence after cytokinesis in suspension may represent an important mechanism to
control tumor growth. In fact, anchorage independent growth is a hallmark of cancer and it has been
demonstrated that binucleated transformed cells can enter a cycle of anchorage independent growth.
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Introduction

Eukaryotic organisms usually contain a diploid complement of
chromosomes. However, developmentally regulated formation
of polyploid cells occurs in some mammalian tissues, such as
hepatic tissues or megakaryocytes in blood and usually coin-
cides with terminal differentiation.1 Unscheduled polyploidy,
although tolerated in plants, is detrimental to mammals, so
that triploid and tetraploid embryos are not vital in humans
and represent approximately 10% of total miscarriages.2 In
addition, several lines of evidence converge to indicate that
aberrant polyploidy can promote cell transformation. Cyto-
genetic analyses of tumor samples have shown that 26% of solid
tumors are near-polyploid or near triploid.3 The great variabil-
ity of chromosome number in polyploid tumors, already
observed in the early times of cytology, has led to a model that
envisions tetraploidy, resulting from a whole genome doubling,
as an intermediate stage in the development of cancer.1,4 In this
model, unstable polyploid cells have greater survival chances,
as compared to chromosomally unstable diploid cells, since the
presence of several copies of the same chromosome may coun-
teract the negative effects of chromosome loss. This idea is

supported by a recent study that demonstrated a higher toler-
ance of polyploid cells to chromosome instability.5

Tetraploid cells are generated by 3 main mechanisms: cell
fusion, mitotic exit without chromosome segregation or cytoki-
nesis failure induced by different stimuli.1 In this last case, tet-
raploid cells possess 2 nuclei and 2 centrosomes within a single
cytoplasm and are, therefore, called binucleated. Due to the
intrinsic instability of tetraploid cells and their tumorigenic
capacity, 6-9 several groups have investigated whether control
mechanisms exist that limit the proliferation of tetraploid cells.4

Early works showed that cells arrested by spindle poisons pro-
ceed to interphase without chromosome segregation after a var-
iable time period in a process called "mitotic slippage" and that
these tetraploid cells are arrested in the following G1 by a p53-
mediated process.10,11,12 Similarly, other work showed that
binucleated tetraploid cells obtained by a treatment with the
actin inhibitor dihydrocytochalasin B arrested in the first G1
following treatment in a p53-dependent manner.13 However, it
was successively demonstrated that arrest of binucleated cells
was dependent on drug concentration, indicating that drug-
induced cellular damage was possibly responsible for the G1
arrest.14,15 Nevertheless, tetraploids arising in untransformed
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cultures from mitotic slippage, cell fusion or cytokinesis failure
induced by chemical treatment or depletion of proteins
required for cytokinesis are usually limited in their proliferation
by a p53-mediated pathway.6,16-18 Recent studies have linked
p53 activation in tetraploids to the induction of oxidative stress
leading to ATM activation at the first tetraploid mitosis19 or to
the activation of the tumor suppressor Hippo pathway.20 How-
ever, it is still unclear whether the p53-dependent pathway
restricting binucleated cell proliferation is inherent to the binu-
cleation condition or other pathways may intervene, depending
on the origin of cell binucleation.

Cell anchorage is required for proliferation of untransformed
adherent cells and, upon loss of substrate adherence, cells arrest
in the G1 phase of the cell cycle.21 Several studies have identified
another anchorage-dependent restriction point acting during
cytokinesis so that growth in suspension (i.e. in soft-agar) causes
cytokinesis failure and produces binucleated tetraploid cells in
primary human fibroblasts.22-24 To shed new light on the mech-
anism(s) limiting proliferation of tetraploid cells obtained by
loss of anchorage, we produced binucleated cells by maintaining
mitotic cells in suspension during cytokinesis and followed cell
cycle progression of these binucleated cells.

Substrate-independent growth is a hallmark of cancer cells
and a fundamental feature of metastatic cancer cells.25 Notably,
metastatic tumors, which release in the blood stream circulat-
ing tumor cells or CTC are very frequently treated with

microtubule inhibitors. However, it is still unknown whether
mitotic spindle damage may promote binucleation in released
cancer cells experiencing no spatial cues in the blood stream.
Moreover, the proliferation ability of tetraploid cells originated
under these circumstances is still unexplored. We, therefore,
combined loss of substrate adherence during cytokinesis with
spindle poison treatment and followed the fate of the induced
tetraploid cells.

Results and discussion

Cytokinesis in suspension produces binucleated cells
through defective cleavage furrow constriction

Previous studies have shown that growth in suspension of
untransformed adherent cells produces binucleated cells.22-24,26

To investigate the fate of binucleated cells induced by loss of
substrate adhesion, human fibroblast MRC-5 mitotic cells were
isolated by mitotic shake off, maintained in suspension for
30 min to allow mitotic progression, seeded in growth medium
and analyzed for several parameters at different time points.
Parallel cultures were treated with the microtubule inhibitor
nocodazole (NOC) for 3 hrs, then released in drug-free
medium for 30 min to allow reformation of the mitotic
spindle and subjected to the same procedure (Figure 1A).
Approximately 20% of MRC-5 cells undergoing mitosis in loss

Figure 1. Cytokinesis in suspension produces binucleated cells. (A) Experimental schedule. (B) Frequency of binucleated cells in MRC-5 cultures grown in adherence with
or without a 3hr NOC treatment (Adherence) or after mitotic shake off and cytokinesis in suspension (Shake off) with or without a 3hr NOC pre-treatment (see experimen-
tal schedule). Binucleated cells were identified by actin and tubulin staining. DNA was counterstained by DAPI. Results shown are the mean § SEM of 4 independent
experiments. **P <0.01 (Student’s t-test, vs. untreated). (C) Frequencies of the different mitotic stages after detachment from the substrate with or without a 3hr NOC
pre-treatment. The different mitotic stages are depicted in the images. PM: prometaphase, M: metaphase, A: anaphase, T: telophase. Results shown are the mean § SEM
of 4 independent experiments. Scale bar = 5 mm.
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of adhesion were found to be binucleated at early times after re-
seeding from shake off (Figure 1B). Interestingly, NOC pre-
treatment induced the formation of binucleated cells at a much
higher rate, i.e., about 40% of the cells were binucleated.
Increased binucleation was characteristic of the combined pro-
cedure of NOC treatment and mitotic shake off, since NOC
treatment of MRC-5 adherent cells did not induce binucleation
over control values (Figure 1B). Similar results were obtained
in adherent epithelial cells of marsupial origin (data not shown)
suggesting that the process of binucleation following substrate
loss during cytokinesis occurs independently of species and tis-
sue of origin and is likely to be common to all untransformed
cells growing in adherence. Microscopic observation of the
mitotic population after shake off showed higher frequencies of
late stages of mitosis (ana-telophase and cytokinesis) in NOC
treated and released cells as compared to cells exposed to the
NOC solvent DMSO prior to shake off (Figure 1C). This result
suggests that increased binucleation is associated to a synchro-
nization effect in the prometaphase stage of the NOC treatment
and supports the results obtained in previous studies indicating
that ana-telophase and cytokinesis are the critical stages for the
formation of binucleated cells in suspension conditions.24

However, the magnitude of the NOC effect on the frequency of
binucleated cells (42.3 § 8.5 % in NOC pre-treated vs. 17.8 §
2.4 % in shake off cells) strongly suggests that other mecha-
nisms may be at work when cytokinesis intervenes in suspen-
sion in cells undergoing defective chromosome segregation, as
after spindle poison treatment. On the whole, this finding sug-
gests that induction of a genetically unstable tetraploid state by
exposure to spindle poisons of non-adherent cancer cells may
represent an unwanted side effect of the use of these drugs as
chemotherapeutic agents.

To investigate the mechanisms responsible for binucleated cell
production during loss of substrate adherence, MRC-5 cells
detached from the substrate by mitotic shake off were cytospun on
coverslips at the end of the suspension time and cells in cytokinesis

(identified by a constricting cleavage furrow) were analyzed for
their morphology and microtubule organization by phase-contrast
and fluorescence microscopy. Remarkably, cells that underwent
cytokinesis in suspension had regularly shaped microtubule-based
midbody or midbody remnants, as shown by tubulin immunos-
taining, but exhibited a defective ingression of the actomyosin con-
tractile ring, the compact structure that appears under phase
contrast illumination as a dense bar at the constriction site
(Figure 2A). Quantitative measurements demonstrated that the
actomyosin ring was significantly wider in cells undergoing cytoki-
nesis in suspension with or without a NOC pretreatment in com-
parison with cells that underwent mitosis in adherence (Figure 2B).
These results suggest that defective cleavage furrow constriction
leads to the formation of binucleated cells in the absence of sub-
strate adhesion. Concordantly, inhibition of intercellular bridge
abscission and fusion of connected daughter cells have been dem-
onstrated by live cell imaging of dermal fibroblasts performing
cytokinesis on experimentally generated soft substrates.26

Binucleated cells produced by cytokinesis in suspension
preferentially arrest in the G2 phase

We then followed progression through the cell cycle of mononu-
cleated and binucleated cells from the same preparation after
cytokinesis in suspension. Analysis of BrdU incorporation into
DNA by antibody staining in mononucleated and binucleated
cells from the same culture revealed that both cell types were reg-
ularly progressing through S-phase 20 hrs after re-seeding from
cytokinesis in suspension (Figure 3A). Indeed, the frequency of
BrdU positive cells was similar in binucleated andmononucleated
cells and did not differ from the frequency observed in MRC-5
cells grown in adherence (Figure 3B). On the contrary, NOC pre-
treatment resulted in a significantly lower rate of BrdU incorpo-
ration in binucleated cells, so that only 40% of NOC pre-treated
binucleates incorporated BrdU in the preceding 20 hrs as com-
pared to 80% BrdU-positive mononucleated cells from the same

Figure 2. Cytokinesis in suspension produces defective cleavage furrow constriction. (A) Representative images of late telophase cells grown in adherence or cytospun on
slides after mitotic shake off and cytokinesis in suspension. Scale bar = 5 mm. (B) Contractile ring width in late telophase cells grown on adherence (Adherence), after
cytokinesis in suspension (Shake off) or after cytokinesis in suspension with a 3hr NOC pre-treatment (NOC C Shake off). Late telophase cells were identified by the pres-
ence of decondensed chromatin and of a midbody following a tubulin and DNA staining; contractile ring width was measured on phase contrast images. Ten to twenty
cells were measured for each condition. **P <0.01 (Student’s t-test, vs. adherence).
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culture (Figure 3B). These findings clearly suggest that cells
becoming binucleated due to loss of substrate adherence during
cytokinesis are not inhibited in entering S phase whereas the com-
bined procedure of NOC treatment and shake off strongly
impairs cell cycle progression during G1. Notably, MRC-5 cells
grown in adherence did not progress into a tetraploid S phase in
response to cytochalasin B treatment (Figure S1). This confirms
that MRC-5 binucleated cells obtained in adherence conditions
are subjected to the G1 checkpoint activation described in litera-
ture4 while loss-of-adhesion allows the same cells to enter DNA
replication. A single cell analysis of p53 accumulation was then
performed through the evaluation of p53 nuclear stain 20 hrs after
cytokinesis in suspension (Figure 3C), since activation and stabili-
zation of this tumor suppressor protein has been proposed as the

major mechanism to limit the proliferation of tetraploid cells.4

Consistent with the lack of G1 arrest (see above), no significant
increase in the number of binucleated cells showing p53 accumu-
lation in the nucleus was observed over mononucleated cells from
the same culture, while a significant increase in p53 positive nuclei
was recorded in NOC pre-treated binucleated cells, as compared
to mononucleated cells (Figure 3D). Interestingly, more than 90%
of the cells were positive to the p53 staining after the DNA dam-
aging agent camptothecin (CPT) (Figure 3C andD). These results
are consistent with the idea that activation of p53 is much weaker
following spindle damage as compared to agents producing DNA
breaks. In the case of spindle inhibitors, damage to DNA or cellu-
lar stress intervening during the prolonged prometaphase time
may be responsible for p53 activation.27 Altogether, these data

Figure 3. Binucleated cells induced by cytokinesis in suspension progress through S phase. (A) Representative images of BrdU incorporation in mononucleated cells
grown in adherence or in binucleated cells obtained 20 hrs after cytokinesis in suspension. (B) Frequency of BrdU-positive cells among mononucleated cells grown in
adherence and mononucleated or binucleated cells obtained 20 hrs after cytokinesis in suspension (Shake off) or after cytokinesis in suspension with a 3 hr NOC pre-treat-
ment (NOC C Shake off). Results shown are the mean § SEM of 3 independent experiments. For each experiment at least 200 mononucleated cells were analyzed in
adherence condition, 200 mononucleated and 50 binucleated cells after cytokinesis in suspension. (C) Representative images of p53 immunostaining in cells grown in
adherence (Adherence), after camptothecin treatment (CPT), or in binucleated cells obtained 20 hrs after cytokinesis in suspension (Shake off). Binucleation was confirmed
by actin immunostaining. (D) Frequency of p53-positive cells in cells grown in adherence (untreated), after camptothecin treatment (CPT) or nocodazole exposure (NOC)
in adherence, and in mononucleated or binucleated cells obtained 20 hrs after cytokinesis in suspension (Shake off) or after cytokinesis in suspension with a 3hr NOC pre-
treatment (NOC C Shake off). Results shown are the mean § SEM of 3 independent experiments. For each experiment at least 500 mononucleated cells were analyzed in
adherence conditions, 200 mononucleated and 50 binucleated cells after cytokinesis in suspension. *P<0.05; **P<0.01 (Student’s t-test). Scale bar = 5 mm.
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suggest that cytokinesis in suspension does not activate a p53-
dependent G1 arrest whereas spindle damage-dependent mitotic
arrest does.10,13,28

In order to follow the progression into cell cycle of binucle-
ated cells after DNA replication, we analyzed cyclin B expres-
sion 40 hrs after cytokinesis in suspension to identify G2
phase cells (Figure 4A). Consistent with the activation of a
G2/M checkpoint preventing mitotic entry of binucleated cells,
50% of binucleated cells accumulated cyclin B in their nuclei.
In contrast, only 20% of mononucleated cells from the same
culture stained positive to cyclin B, demonstrating that binu-
cleated cells significantly accumulated in the G2 phase. Inter-
estingly, a moderate but statistically significant increase in the
nuclear p53 fluorescence intensity was recorded using quanti-
tative image analysis in cyclin B-positive mononucleated and
binucleated cells in comparison with untreated cultures when
cultures were co-stained for cyclin B and p53 at 40 hrs from
cytokinesis in suspension (Figure 4B and C). Interestingly,
binucleated cells accumulated significantly more p53 than
mononucleates (Figure 4C). Thus, these data suggest that
cytokinesis in suspension can eventually lead to the accumula-
tion of cyclin B-expressing, G2 phase binucleated interphases
accompanied with a moderate p53 stabilization after DNA
replication.

To test whether DNA damage was involved in p53 activation
of G2 arrested binucleated cells, we immunostained for nuclear
g-H2AX foci, as an indicator of DNA damage (Figure S2A).29 A
minor increase in the number of cells showing more than 5
g-H2AX foci was observed in both mononucleated and binucle-
ated cells at 40 hrs from cytokinesis in suspension (Figure S2B),
suggesting that a subtle induction of DNA damage is present fol-
lowing cytokinesis in suspension but excluding increased levels
of DNA damage as cause of G2 accumulation of the binucleated
cells. Furthermore, since p53 phosphorylation at Ser15 is a sensi-
tive marker of p53-mediated response to DNA damage30 or
chromosome mis-segregation in diploid cells,31 Phospho-Ser15
p53 was determined by immunostaining. No nuclear accumula-
tion of Phospho-Ser15 p53 was observed in binucleated cells
(Figure S2C), confirming that DNA damage has very little, if
any, effect on the G2 arrest of binucleated cells.

Binucleated cells are arrested in G2 by a ATR-Chk1-
dependent pathway and undergo senescence

On the whole, the above data indicate that binucleated cells are
arrested at the G2 phase of the cell cycle and do not enter mito-
sis. To further investigate this point, we assessed chromosome
numbers in metaphase cells harvested 2 or 4 days after re-

Figure 4. Binucleated cells induced by cytokinesis in suspension arrest in G2 and accumulate p53. (A) Frequency of cyclin B-positive cells among mononucleated cells
grown in adherence (Untreated), after camptothecin treatment (CPT) and in mononucleated or binucleated cells obtained 40 hrs after cytokinesis in suspension (Shake
off). For each of the 2 experiments at least 500 mononucleated cells were analyzed in adherence conditions, 200 mononucleated and 50 binucleated cells after cytokinesis
in suspension. (B) Representative images of p53 and cyclin B immunostaining in cells grown in adherence (Adherence), after camptothecin treatment (CPT), or in binucle-
ated cells obtained 40 hrs after cytokinesis in suspension (Shake off). (C) The graph shows the mean § SEM of p53 fluorescence intensity (arbitrary units) in cyclin B posi-
tive cells grown in adherence (untreated), after camptothecin treatment (CPT), and in mononucleated or binucleated cells obtained 40 hrs after cytokinesis in suspension
(Shake off). For each condition, 2 replicate cultures (at least 50 cells/culture) were analyzed. *P<0.05; **P<0.01 ***P<0.001 (Student’s t-test). Scale bar = 5 mm.
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seeding from cytokinesis in suspension. Chromosome counts
revealed that binucleated cells were not able to enter mitosis,
since a similar number of 4N metaphases was recorded 48 or
96 hrs from re-seeding after shake off and in an asynchronously
growing population of MRC-5 cells (Figure 5A and B). There-
fore, it can be inferred that activation of a G2/M checkpoint
prevents binucleated cells from progressing into mitosis.

Major activators of the G2/M checkpoint are the 2 protein-
kinases ATM and ATR.32 To verify whether the ATM/ATR
pathways were involved in the G2 arrest of binucleated cells,
cells were treated with caffeine, a well-known inhibitor of these
kinases. A 6 hr exposure to caffeine prior to cell harvesting pro-
duced significant increases in tetraploid metaphases at both 2
and 4 days from re-seeding (Figure 5B), suggesting that binu-
cleated cells induced by loss of substrate contact may be limited
in their proliferation by an ATM/ATR dependent mechanism.
However, since ATM directly phosphorylates p53 at Ser1530

and no such phosphorylation was recorded in our experimental
conditions (Figure S2C), we decided to address the

contribution of the ATR/Chk1 pathway to the G2 arrest of
binucleated cells by exposing cells to LY2603618, a selective
Chk1 inhibitor that has been shown to induce a premature
entry into mitosis by abrogating the Chk1-dependent G2/M
checkpoint.33 Inhibition of Chk1 kinase by LY2603618 6 hrs
prior to cell harvesting was able to overcome the G2/M arrest
of binucleated cells as demonstrated by the increase in tetra-
ploid metaphases observed in chromosome counts (Figure 5C).
The frequency of tetraploid metaphases recorded after Chk1
inhibition was similar to the one observed after caffeine treat-
ment, strongly suggesting that the G2/M checkpoint that blocks
mitotic entry of binucleated cells is under the control of the
ATR/Chk1 pathway.

Cellular senescence represents a final state of cell withdrawal
from the cell cycle, as cells lose their capability to proliferate in
response to growth factors or mitogens. Moreover, acquisition
of a senescent phenotype is an important physiological anti-
tumor response that is activated to counteract oncogenic insults
and DNA damage.34 In light of the connection between

Figure 5. Binucleated cells induced by cytokinesis in suspension are arrested in G2 through a ATR/Chk1 dependent pathway and enter senescence. (A) Representative
images of near 2N and near 4N metaphase spreads. (B) Frequency of near 4N metaphases in chromosome spreads obtained from exponentially growing cultures (Adher-
ence), 48 or 96 hrs after cytokinesis in suspension in the absence (Shake Off ) or in the presence of 5 mM caffeine (Shake Off C CAF) for 6 hr prior to harvesting. Results
shown are the mean § SEM of 2 independent experiments (200-400 metaphases were analyzed per each sample). (C) Frequency of near 4N metaphases in chromosome
spreads obtained 48 hrs after cytokinesis in suspension in the absence (Shake Off) or in the presence of 5 mM LY2603618 (Shake Off C LY2603618) for 6 hrs prior to har-
vesting. Results shown are the mean§ SEM of 2 independent experiments (200-400 metaphases were analyzed per each sample). (D) Representative images of mononu-
cleated and binucleated cells identified by phase contrast and stained for the senescence marker b-Galactosidase (SA-b Gal). SA-b Gal positive and negative cells are
indicated by black and white arrows, respectively. (E) Frequency of SA-b Gal positive cells in exponentially growing cultures (untreated), 48 or 96 hrs after H2O2 treatment
of adherent cells, and 48 or 96 hrs after cytokinesis in suspension (Shake off). Results shown are the mean § SEM of 2 independent experiments. (500-1000 mononucle-
ated and 300-400 binucleated cells were counted per sample). *P <0.05 (Student’s t-test). Scale bar = 5 mm.
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senescence and cell cycle arrest, we decided to assess whether
G2 accumulated binucleated cells were prone to undergo senes-
cence. To this aim, we monitored the activity of senescence-
associated b-galactosidase (SA-b-gal), a widely accepted gen-
eral marker of the senescent phenotype, in binucleated and
mononucleated cells from the same preparation (Figure 5D).
Analysis of SA-b-gal staining showed that shake off induced
binucleated cells expressed the senescence marker at signifi-
cantly higher frequencies compared with mononucleated cells
from the same culture, when assayed at 48 or 96 hrs from cycto-
kinesis in suspension (Figure 5E). Interestingly, the frequencies
of senescence positive binucleated cells were similar to the fre-
quencies obtained after exposure of adherent cells to H2O2, a
model inducer of senescence, indicating that activation of a
senescence pathway is a main route to eliminate tetraploid cells
from the proliferating cell population in untransformed cells.

In conclusion, the present work confirms that cytokinesis in
suspension leads to cleavage furrow regression and cytokinesis
failure. Our data suggest that ana-telophase and cytokinesis are
critical stages for binucleation during mitotic progression in sus-
pension conditions. Binucleated human fibroblasts originated by
failure of cytokinesis during suspension do not activate p53 in
the G1 phase, undergo DNA replication but fail to enter mitosis,
as shown by the absence of tetraploid metaphases at the first
post-shake off mitosis. This suggests that tetraploid cell prolifera-
tion after substrate detachment is limited by a mechanism that
intervenes during the G2 phase, as shown by the accumulation
of cyclin B-positive binucleated cells 40 hrs after cytokinesis in
suspension. Exposure to caffeine or the Chk1 inhibitor
LY2603618 during the G2 phase produces a significant increase
in tetraploid metaphases suggesting that binucleated cells are
limited in their proliferation by an ATR/Chk1 dependent mecha-
nism acting during G2. In this scenario, p53 accumulation in G2
cells could be attributed to a Chk1-dependent phosphorylation
on p53, as the protein is known to be phosphorylated by Chk1
on Ser20.35 Thus, this work shows that the G2 arrest of binucle-
ated cells after cytokinesis in suspension is likely to be sustained
by overlapping p53-independent and p53-dependent
mechanisms, similarly to what has been described for the DNA
damage-dependent G2/M checkpoint.36

Overall, this study indicates that binucleated cells induced
by substrate detachment of non-transformed human cells can
survive in cell culture. However, after persistence for 1 or 2 cell
cycle times in the G2 phase of the cell cycle, binucleated cells
become senescent. This pathway of proliferation restriction
seems to be specific for loss of adhesion-dependent cytokinesis
failure that may involve perturbation of integrin signal-
ing.23,37,38 Conversely, binucleated cells induced by the actin
inhibitors cytochalasins or the myosin inhibitor blebbistatin
have been found to arrest at the first or second mitosis from
drug treatment through accumulation of p53/p21,16,19,20 dem-
onstrating that the pathways activated to arrest cell cycle
progression after loss of substrate adhesion or inhibition of
cytokinesis in adherence conditions are fundamentally distinct.
Interestingly, recent work on primary rat embryonic and
human fibroblasts demonstrates that non-transformed cells
respond to drug-induced tetraploidy by entering senescence
from a tetraploid G1 stage.18 These findings together with the
present results suggest that induction of senescence is a

common mechanism for limiting tetraploidy in non-trans-
formed cells. In contrast, the mechanism which triggers tetra-
ploidy dictates the cell cycle phase at which tetraploid cells
arrest. In the vast majority of tetraploidy-inducing conditions,
senescence intervenes during a p53-dependent G1 arrest. Con-
versely, when binucleation is induced by loss of adhesion dur-
ing cytokinesis, a condition permissive for tetraploid DNA
replication, senescence ensues from the G2 phase. More gener-
ally, induction of a G2 arrest triggering senescence may repre-
sent a very potent back-up control mechanism to avoid
proliferation of loss of adhesion-induced binucleated cells in
non-transformed human cells. The findings presented in this
paper give new clues to identify potential mechanisms control-
ling tumor growth, since binucleated cells induced by cytokine-
sis failure in the absence of substrate adhesion were previously
shown to enter a cycle of anchorage independent growth when
expressing an oncogenic H-Ras mutation24 and have been
found to induce oncogenic transformation in vivo.39

Materials and methods

Cell culture and treatments

Normal human fibroblast (MRC-5) cells (ATCC CCL-171) were
grown in MEM medium supplemented with 10% fetal bovine
serum (Cambrex), 1% L-Glutamine, 1% Hepes, 1% non-essential
amino acids and antibiotics. Mitotic cells from an asynchro-
nously growing population treated with DMSO for 3 hrs were
isolated by gentle shake off and held in a centrifuge tube for
30 min to allow completion of mitosis in suspension. Parallel
cultures were incubated in 0.1mM NOC for 3hrs, washed twice
in saline and maintained in complete medium for 30 min to
allow mitotic progression. Cultures were then subjected to
mitotic shake off as above. Thereafter, cells were centrifuged at
1100 rpm for 7 min and seeded on 22£22 mm coverslips for
further analyses. For midbody analysis cells were cytospun on
Poly-L-Lysine coated coverslips at the end of the suspension
time. Re-seeded cells were harvested 4 hrs later to count binucle-
ated cell frequencies. At that time 30 mM BrdU was supplied to
cultures that were harvested 16 hrs later for BrdU immunostain-
ing. At the same time, parallel cultures were harvested for p53
immunostaining. Cyclin B and p53 co-staining was performed
on cultures grown for 40 hrs after cytokinesis in suspension
Adherent cells treated with 5 mM camptothecin for 24 hrs served
as positive control for p53 induction.

Immunostaining and microscopy analyses

Cells were rinsed in PHEM (60 mM PIPES, 25 mM Hepes,
10 mM EGTA, 2 mMMgCl2), fixed for 10 min with 3.7% form-
aldehyde in PHEM and permeabilized 5 min with 0.1% Triton-
X100. For BrdU detection, fixed cells were treated with 1N HCl
solution for 30 min at room temperature. Thereafter, coverslips
were blocked in PBS containing 20% goat serum for 30 min at
37�C, before being processed for immunofluorescence. Antibod-
ies were used at the following dilutions: anti-a-Tubulin FITC-
conjugate (F2168, Sigma-Aldrich, 1:100), anti-p53 (M7001,
Dako 1:100), anti-BrdU (M0744, Dako 1:50), anti cyclin B
(sc-245, Santa Cruz, 1:50), anti-gH2AX (1:400). Secondary
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antibodies conjugated to Alexa-488 (Molecular Probes) or X-
Red (Jackson Laboratories) were used as recommended by the
supplier. Detection of actin fiber was obtained by rhodamine-
conjugate phalloidin staining (R415, Molecular Probes). DNA
was counterstained with 0.1mg/ml 4’-6’-Diamidino-2-phenylin-
dole (DAPI, Sigma-Aldrich). All preparations were examined
under an Olympus Vanox microscope equipped with a 100X
(1.35 NA) oil immersion objective and a SPOT CCD camera
(Diagnostic Instruments). Color-encoded images were acquired
using ISO 2000 software (Deltasistemi). Mononucleated cells in
adherence cultures and mononucleated and binucleated cells
obtained 20 hrs after cytokinesis in suspension were analyzed
for BrdU incorporation and p53 nuclear accumulation by visual
inspection. For p53 analysis on cyclin B positive cells at 40 hrs,
all images were acquired at identical exposure settings and fluo-
rescence intensity of the nuclear area was measured using NIH
ImageJ 1.3 software. Cleavage furrow width was measured on
phase contrast images using the same software.

Metaphase preparation and chromosome analysis

Metaphase preparations of MRC-5 cells were obtained 48 and
96 hrs after re-seeding from cytokinesis in suspension, since
previous work on the same cell line showed the presence of the
first mitotic peak at 48 hrs after seeding on coverslips.40 Cells
were harvested after 3 hr incubation in 30 mM colchicine,
washed with PBS buffer and treated with an hypotonic KCl
solution (5.6 g/l) for 10 min at 37�C. Thereafter, cells were fixed
by several incubations in a 3:1 MeOH/acetic acid mixture fol-
lowed by centrifugation at 1100 rpm for 7 min. Metaphase
spreads were obtained by dropping cell suspension on glass
slides that were successively air dried at room temperature.
Slides were stained in a 5% Giemsa solution for 20 min and
rinsed with water. At least 100 metaphases were observed for
each experimental point and chromosome numbers were clas-
sified as �2n (41-50) or �4n (80-96).
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