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Survivin protects fused cancer cells from cell death
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Tetraploidy, a potential precursor of cancer-associated
aneuploidy, is produced either by cell fusion or failure of
cytokinesis. In this study, low p53-expressing Hela cells were
used to address the fate of cancer cells after fusion. We found
that massive cell death or growth arrest occurred a few days
after fusion. Interestingly, cells with larger nuclei preferentially
died after fusion, suggesting that a larger deviation of DNA
content is a strong inducer of apoptosis. Notably, a fraction of
cells escaped cell death. Also, the stability of survivin
increased, and its localization changed preferentially to the
cytosol in fused cells. Knockdown of survivin decreased the
survival of fused cells, more than observed in unfused cells,
showing increased dependency of fused cells on survivin.
Collectively, after cancer cell fusion, some fused cells avoid
the apoptotic crisis partly owing to survivin, and continue to
proliferate, a process that contributes to human cancer
progression. [BMB Reports 2017; 50(7): 361-366]

INTRODUCTION

Physiological cell fusion results in terminally differentiated
cells, such as syncytiotrophoblasts, myocytes and osteoclasts,
whereas unphysiological cell fusion induced by various
agents, including viruses and chemicals, produce fused cells
with proliferative capacity (1). As a result of subsequent cell
divisions, these fused tetraploid cells give rise to daughter cells
that exhibit genomic instability, a process similar to the
genomic instability that follows cytokinesis failure, which
results in the daughter cells to become aneuploid and
carcinogenic (2).

Unphysiological cell fusion is considered to be a
mechanism by which cancer cells acquire more aggressive
phenotypes (3). For example, fusion of cancer cells with
macrophages confers, on cancer cells, the capacity to invade
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and metastasize (4). It is also suggested that fusion of cancer
cells with endothelial cells may enable cancer cells to more
easily penetrate the endothelial cell layer (5). Importantly,
fusion between cancer cells induces genomic instability,
which is a driving force for these cells to obtain diverse
tumor-progression phenotypes (3).

The tetraploid cells, produced by either cell fusion or
cytokinesis failure, undergo either cell cycle-arrest or apoptosis
through a process considered to be p53 dependent (6-8).
Activation of p53 induces p21-dependent cell-cycle arrest, or
increases proapoptotic Bcl-2 family proteins, such as Bax and
Puma/BBC3, thus inducing apoptosis in a cell context-
dependent manner (9-11). Hence, after cell fusion or
cytokinesis failure, cells with increased p53 activity are
eliminated (8), whereas cells, where p53 activation is limited,
survive and even proliferate, demonstrating an ability to form
colonies in soft agar (12). Considering the tendency of cancer
cells to inactivate p53, fusion between cancer cells results in a
high probability of escaping cell cycle arrest and/or cell death
after fusion, while simultaneously allowing acquisition of
proliferative potential and genomic instability. Therefore,
understanding the fate of cells arising from the fusion of cancer
cells having decreased p53 activity, is important to under-
standing the role of cancer cell fusion in cancer progression. In
addition, although factors that determine the fate of fused cells
are also important, they are yet to be identified.

In this study, we used Hela cells, which harbor low levels of
p53 owing to enhanced p53 degradation in the presence of
the E6 viral oncoprotein, as a model system to address the fate
of cancer cells after fusion in the context of decreased
influence of p53 (13). Interestingly, massive cell death occurred
a few days after fusion, followed by the emergence of
proliferating cells. These proliferating cells mainly originated
from the fusion of two cells, and appeared to have escaped
apoptotic cell death, which had otherwise eliminated cells
with a higher DNA content. Furthermore, we found that
upregulation and cytosolic localization of survivin was partly
responsible for the escape of these proliferating cells from
apoptotic crisis.

RESULTS

Fused cells experience massive cell death and growth arrest
Separate populations of geneticin-resistant and hygromycin-
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resistant Hela cells were stained with the vital fluorescence
dye DiO and Dil, respectively, following which they were
subjected to electrofusion. Fused cells and unfused cells were
separated and isolated by fluorescence-activated cell sorting
(FACS). DiO(+)/Dil(+) cells were identified as fused cells,
whereas DiO(—)/Dil(+) cells corresponded to unfused cells,
which were used as control cells that had undergone the
electrofusion procedure but were without the resultant cell
fusion (Supplementary Fig. 1A). Fused and unfused cells were
easily differentiated under a fluorescence microscope (Fig. 1A),
and FACS analysis revealed that ~99% of the FACS-sorted
fused cells were DiO (+) and Dil (+) (Supplementary Fig.

O), indicating the reliability of the FACS procedure. Further
analysis of the fused cells immediately after cell fusion
revealed that 69.8 + 2.7% had two nuclei, whereas the
remaining ~30% had more than three nuclei, suggesting
fusion of more than three cells (Supplementary Fig. 1B).

To address the fate of fused cells, cell proliferation and
death were monitored after the fusion. As shown in Fig. 1B, 4
days after cell fusion, the growth rate of fused cells was
significantly lower than that of unfused cells. Thereafter, the
proliferation of fused cells increased moderately, whereas that
of unfused cells increased rapidly. Trypan blue staining
revealed that fused cells underwent massive cell death,
peaking at 33.7 + 4.0% cell death on day 4 after fusion (Fig.
1C). The subsequent decrease in the cell death rate at day 6
coincided with a gradual increase in the proliferation of fused
cells. These observations suggest that the differences observed
in cell proliferation might be partly attributable to differences
in cell death.
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Fig. 1. Analysis of cell fate after cancer cell fusion. (A) Re-
presentative |mages of fused and unfused cells obtained from
fusion of Dil"- and DIO"-Hela cells. Hela cells were fused as
described in Materials and Methods. Bar, 50 um. (B) and (C)
After cell fusion, cell proliferation and death rate were measured
by trypan blue staining. Cells were seeded at a density of 1 x
10* cells per well in 12-well plates, and counted at the indicated
times. Mean + SD from three independent experiments; ***P <
0.001; *P < 0.05 by Student's ttest. (D) The fate of individual
cell was monitored microscopically. (E) At 9 day after cell
seeding, cell clones were classified as either growth (wells having
more than two cells/well), arrest (1-2 cells/well), or death (no
cells in the well, but used to have cells at earlier time points).
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We subsequently monitored the fate of individual cells by
counting cell numbers over time, in each well of a 96-well
plate, after limiting dilution. Whereas most unfused cells
showed a steep increase in cell number per well during this
period (Fig. 1D, left panel), a majority of fused cells showed a
decline in cell number per well after variable times of division
(Fig. 1D, right panel). An analysis of clones of unfused cells, 9
days after fusion, classified 81.4% as proliferative, 6.8% as
growth arrested, and 11.9% were positioned in the cell death
category. The classification of clones of fused cells revealed a
different picture: 26.8% were proliferative, 32.1% were in
growth arrest, and 41.1% were classified to the cell death
category (Fig. 1E). These data clearly demonstrate that despite
using cancer cells with decreased p53 activity, a major
population of fused cells undergo cell death or growth arrest,
whereas a fraction escapes the apoptotic crisis and continues
to proliferate.

Elimination of cells with multinucleated nuclei through
apoptosis
To more precisely describe cell fate after cell fusion, we
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Fig. 2. Preferential elimination of the cells with larger nuclei
through apoptosis. (A) Representative images of each cell fate.
Time-lapse phase-contrast images captured at the indicated time
points show that some daughter cells that originated from fused
cells undergo apoptosis (black arrow in row 3), whereas others
proliferate like unfused cells (white arrow in row 3). Bar, 20 pum.
(B) Change of nuclear size following cell fusion. Images of DAPI-
stained nuclei were measured using Axiovision Rel 4.5 software
(n = 700). Bar indicates median value. (C) Immunoblots of fused
and unfused cells were probed with antibodies to PARP-1 and
caspase 3. The level of cleaved PARP-1 and activated caspase 3
(black arrows) increased in the fused Hela cells. Cells were
treated with or without z-VAD fmk (10 uM) and harvested at day
3 following cell fusion. (B-actin: loading control). (D) Preferential
death of cells with larger nuclei. The size of nucleus of cells at
interphase was measured by microscopic cell images (Nikon Ti-E)
for 4 days following cell fusion. For data analysis, we used the
NIS elements software. Supplementary figure 2A shows this in
more detail. (E) Cell death was partially abrogated by the
z-VAD-fmk in fused ce[ls Cells were seeded in a 12-well plate at
a density of 1 x 10* cells/well, and counted by 0.4% trypan
blue staining 3 days after cell fusion. Mean + SD from three
independent experiments; *P < 0.05 by Student's t-test.
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continuously monitored the cells by time-lapse microscopy.
This analysis clearly revealed a major population of dead (Fig.
2A, row 3) or growth-arrested cells, and a minor population of
continuously proliferating cells (Fig. 2A, row 2). In contrast,
most unfused cells were proliferative (Fig. 2A, row 1). We then
addressed whether DNA content affected the fate of fused
cells. Since it is difficult to directly measure DNA content from
time-lapse data using GFP-H2B- and DsRed-H1-Hela cells, we
instead measured nuclear size as a surrogate marker for DNA
content. As expected, the extent of the increase in nuclear size
1 day after fusion varied considerably. Interestingly, the
heterogeneity of nuclear size observed on the day after fusion
decreased gradually, together with a decrease in the average
nuclear size (Fig. 2B), suggesting the disappearance of cells
with larger nuclei. Indeed, tracking the fate of daughter cells
having same parent cells by time-lapse analysis enabled us to
clearly determine that dead cells had larger nuclei compared
with live cells (Fig. 2D).

It has previously been reported that tetraploid cells induced
by cell fusion or cytokinesis failure tend to die via apoptosis
(14, 15). To address this aspect, we assessed apoptosis by
measuring the levels of the active (cleaved) form of the
apoptosis-inducing factors, poly (ADP-ribose) polymerase 1
(PARP-1) and caspase-3, in fused and unfused cells. As shown
in Fig. 2C, cleavage of PARP-1 and caspase-3 robustly
increased in fused cells but not in unfused cells, suggesting
that the death of fused cells was at least partly attributable to
apoptosis. Moreover, z VAD-fmk, a pan-caspase inhibitor,
clearly abolished the cleavage of both PARP-1 and caspase-3
(Fig. 20), and partly prevented the death of fused cells, but not
unfused cells (Fig. 2E), thereby suggesting a partial involve-
ment of caspase-dependent apoptosis in the death of fused
cells. Interestingly, both immunoblot and immunocytochemical
assessment of p53 shows an increase in p53 levels in fused
cells, as compared to unfused cells (Supplementary Fig. 3),
indicating that even in Hela cells, p53 levels increase after
fusion and probably contributed to the massive cell death after
cell fusion, thus suggesting that the decrease in p53 in Hela
cells caused by HPV E6 protein can be overcome by strong
apoptotic stimuli, one of which is cell fusion.

To confirm the above hypothesis, we evaluated the effect of
p53 depletion on growth and death of fused cells. After p53
depletion (Supplementary Fig. 3C), cell growth significantly
increased in fused cells after day 5 post-fusion, while there
were no changes due to p53 depletion in unfused cells
(Supplementary Fig. 3D). In addition, the death of fused cells
after p53 depletion decreased at day 3 post-fusion, and
significantly dropped at day 5. On the contrary, unfused cells
did not show significant decrease in cell death due to p53
depletion (Supplementary Fig. 3E). Collectively, our data
indicate that a majority of fused cells succumbed to death,
probably owing to an increase in p53, whereas only a few
cells that overcame this apoptotic crisis ultimately attained the
capacity to grow continuously.
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Survivin is necessary for the survival of fused cells that escape
apoptotic crisis

Since a major fraction of fused cell death was through
caspase-dependent apoptosis, averting apoptosis might be very
important for the cells that escape this crisis after cell fusion.
We therefore measured the expression of various anti- and
pro-apoptotic proteins after cell fusion (data not shown). As
shown in Fig. 3A, the expression level of survivin, a well-
known anti-apoptotic protein, was clearly increased in fused
cells compared to unfused cells, as early as 3 days after fusion,
and remained elevated throughout the experimental period.
Interestingly, Bcl2 expression increased on day 7 after fusion
in both unfused and fused cells, for reasons that are not yet
clear. To address whether the increased expression of survivin
is a characteristic of surviving fused cells, we measured the
survivin expression levels in stable clones of fused cells
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Fig. 3. Survivin increased in surviving fused cells. (A) Cells were
harvested at the indicated time points following cell fusion.
Protein blots were probed with indicated antibodies. (GAPDH:
loading control). (B) Immunoblotting was performed with cell
lysates derived from fused or unfused stable lines, which were
established by using selective medium containing G418 (1 mg/ml)
and hygromycin (0.8 mg/ml) for 3 weeks. Numbers indicate
different stable clones. (C) Cell viability was quantified by using
time-lapse images. Cells were transfected with indicated siRNAs
the day after fusion, and monitored using time-lapse microscope
for 60 hours. Cell death events were counted and expressed
relative to unfused siControl-transfected cells. n = 10 for each
group. Mean + SD from triplicate experiments; *P < 0.05 by
Student's t-test. (D) Effect of survivin on the survival of fused
cells. Parental Hela cells, or Hela cells after electrofusion but
without FACS sorting, were transiently transfected with siSurvivin
(40 nM) and siControl (40 nM) 1 day after fusion. After 24 h,
cells were reseeded and cultured with or without selective
medium for 10 days, and colonies were counted after crystal
violet staining (left lower panel; a representative picture, right
panel; graph showing the relative colony number compared to
siControl). At 24 h after transfection, cell lysates from the in-
dicated samples were subjected to western blot analysis using
indicated antibodies (left upper panel). (a-tubulin: loading control).
Mean + SD from three independent experiments; ***P < 0.001
by Student's t-test.
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previously established by the limiting-dilution procedure. As
shown in Fig. 3B, all four established cell lines of fused cells
showed a variable, but clear, increase in the expression of
survivin, but not Bcl2 or BAG1, compared with stable clones
of unfused cells, strongly suggesting that overexpression of
survivin is a common characteristic of surviving fused cells.

Moreover, in colony-forming assay, two different small
inhibitory RNA (siRNA) that effectively decreased survivin
expression, reduced the survival fraction of fused cells by
70-80% compared to control siRNA treatment, whereas
knockdown of survivin in unfused Hela cells resulted in
approximately a 40-50% decrease in the survival fraction after
fusion compared with control siRNA treatment (Fig. 3D).
Therefore, although siSurvivin reduced cell survival in unfused
cells, it exerted more effects on the survival of fused cells.
Further analysis using time-lapse monitoring confirmed that
knockdown of survivin reduced the cell survival significantly
more in fused cells, as compared to unfused cells (Fig. 30).
These data suggest that the fused cells that overexpress
survivin have the potential to avert the apoptotic crisis of fused
cells, and thereby survive to become more stable cells that can
proliferate continuously.

Survivin protein in fused cells is localized in the cytosol and
shows increased stability

We subsequently examined how survivin increased in fused
cells. The quantitative RT-PCR analysis clearly showed no
significant increase in survivin mRNA in cells following fusion
(Supplementary Fig. 2B), suggesting a post-transcriptional
mechanism. Therefore, we compared survivin degradation
rates in fused and unfused cells. In unfused cells, the half-life
(t1/2) of survivin protein was less than 30 minutes (26.3 + 3.9
min), in agreement with previously published reports (16).
However, in the case of fused cells, ti, increased significantly
(48.4 + 3.0 min, Fig. 4C).

Since cytoplasmic and/or mitochondrial survivin is con-
sidered to be cytoprotective (17), we assessed the subcellular
localization of survivin by western blotting and immuno-
cytochemical analysis. Interestingly, we observed an increase
of survivin in the cytoplasmic fraction of fused cells in western
blotting, resulting in approximately a 3-fold increase in the
survivin cytosolic-to-nuclear ratio (Fig. 4A). Immunocytochemical
analysis further confirmed the increase of cytosolic survivin in
fused cells (Fig. 4B). These data clearly suggest that both the
increase in protein stability of survivin and preferential
localization to the cytosol, contribute to the survival of some
fractions of fused cells.

DISCUSSION

Tetraploidy is accepted as a potential precursor of cancer-
associated aneuploidy, and considered to be a possible cause
of tumor formation as well as tumor progression. Tetraploid
cells are produced either by cell fusion or cytokinesis failure.
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As a first step to understand the implication of cancer cell
fusion in tumor progression, we tried to understand the fate of
fused cancer cells and the underlying molecular mechanisms
related with cell fate. Previous researchers have already shown
that most tetraploid cells resulting from non-cancerous cell
fusion undergo p53-dependent cell cycle arrest or apoptosis
(6). We used Hela cells as a model system, since Hela cells
are known to have the HPV E6 protein (13), thus possessing
low amount/activity of p53, which condition frequently
encountered in cancer. Interestingly, we found that even in
Hela cells, massive apoptotic cell death or growth arrest
occurred a few days after fusion (Fig. 1 and 2), and surprisingly,
it was accompanied by an increase in p53 (Supplementary Fig.
3). Induction of p53 and p53-induced cell death processes in
Hela cells has been reported previously (18, 19), suggesting
that strong apoptotic stimuli could overcome E6-induced
downregulation of p53. In addition, we observed that fused
cells with larger nuclei, indicating greater DNA contents,
preferentially die after fusion (Fig. 2D), suggesting that a larger
deviation from normal DNA content is a strong inducer of
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Fig. 4. Increased protein stability and cytosolic localization of
survivin in fused cells. Fused and unfused cells were cultured
using selective medium containing G418 (1 mg/ml) and hygro-
mycin (0.8 mg/ml) for 9 days, and harvested at day 9 following
cell fusion. (A) The cytoplasmic and nuclear extracts were sub-
jected to western blotting using survivin, lamin B1 and o-tubulin
antibodies. (Lamin B1 and o-tubulin: fractionation and loading
controls). The bar graph shows the quantification of western blot
images (Cytoplasmic/Nuclear extracts). Mean + SD from three
independent experiments; **P < 0.01 by Student's ttest. (B)
Immunofluorescence analysis of fused and unfused cells using
survivin and F-actin antibodies. Bar, 20 pm. Quantification of
survivin localization was performed using NIS-Elements Imaging
Software (Nikon Corporation). Mean + SD from three indepen-
dent experiments; **P < 0.01 by Student's ttest. (C) Cells were
harvested 5 days after cell fusion, and the stability of survivin
protein was analyzed by Western blotting of the whole cell
lysates prepared from cells after addition of 50 uM cycloheximide
(CHX). (o-tubulin: loading control). Relative levels of survivin
were measured by densitometric analysis (right panel).
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apoptosis.

Interestingly, a fraction of cells escaped cell death and
proliferated, and these surviving fused cells were characterized
by upregulation of survivin (Fig. 1, 2 and 3). Survivin is the
smallest member of the inhibitor of apoptosis (IAP) family
proteins, and plays a key role in inhibiting apoptosis by
blocking caspase activation (20). Additionally, survivin is
reported to not only exert anti-apoptotic functions, but also
cell proliferative functions, reflecting its involvement in forming
the chromosome passenger complex, which is crucial for the
normal progression of the cell cycle (21). Therefore, the over-
expression of survivin probably affects the survival/proliferation
of fused cells shortly after fusion, possibly providing the fused
cells the ability to overcome the apoptotic crisis.

Regarding the mechanism underlying the increase in
survivin, both transcriptional and post-translational regulation
were majorly considered (20). It has been reported that the
transcription factors SP1, E2F, and HIF-1a (hypoxia-inducible
factor 1) increase survivin expression, whereas p53 and the
forkhead box transcription factors, FOXO1 and FOXO3,
decrease it (20). Notably, hypoxia upregulates both HIF-1a
and survivin expressions in Hela cells (22). However, our
quantitative RT-PCR analysis clearly showed no significant
increase in survivin mRNA in cells, following fusion (Suppl-
mentary Fig. 2B). In relation to post-translational regulation, it
has been reported that heatshock protein 90 (HSP 90)
increases the stability of survivin (23). Although we observed
the delay in survivin degradation (Fig. 4), we did not assess the
changes in the amount of heatshock protein 90 in fused cells
(data not shown). Thus, the molecular mechanism responsible
for the upregulation of survivin found here remains undeter-
mined.

Cytoplasmic and/or mitochondrial survivin is considered to
be cytoprotective (17). Interestingly, we observed an increase
of survivin in the cytoplasmic fraction of fused cells (Fig. 4A
and B), suggesting that both the increase in protein stability
and preferential localization to the cytosol was beneficial in
fused cells. However, the inhibition of nuclear export of
survivin by using leptomycin B did not decrease the survival of
fused cells in our experiments (data not shown), which might
be due to the non-specific effects of leptomycin B to the
nuclear export of diverse array of proteins other than survivin.

In conclusion, fusion of Hela cells induces massive
apoptosis, despite the fact that the parental cells have low
levels of p53. Given that survivin is overexpressed in various
malignancies, including breast, lung, prostate, gastric and
colon cancers, and high levels of survivin expression correlate
with poor prognosis in many cancer patients (24), and the
survival of survivin-upregulated cells after cancer cell fusion
might contribute to the progression of these types of cancers.

MATERIALS AND METHODS

See supplementary information.
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