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-ABSTRACT- 

 

Chromosomal instability induced by cell-to-cell fusion  

using HeLa cells 

 

Tetraploidy, a potential precursor of cancer-associated aneuploidy, is produced either by cell 

fusion or cytokinesis failure. These cells undergo cell-cycle arrest or apoptosis in a p53-

dependent manner. Here, I used low p53-expressing HeLa cells as a model system to address 

the fate of cancer cells after fusion in the context of decreased influence of p53. I found that 

massive apoptotic cell death or growth arrest occurred a few days after fusion and was 

accompanied by an increase in p53. In addition, cells with larger nuclei preferentially died 

after fusion, suggesting that a larger deviation from normal DNA content is a strong inducer 

of apoptosis. Closer observation of the cells revealed that the division of fused cells 

immediately after cell fusion showed the formation of multipolar spindles due to increased 

number of centrosomes, resulting in various mitotic defects (DNA bridges, lagging 

chromosome, micronucleus, etc.) and asymmetric division with subsequent cytokinesis failure. 

After a series of unstable cell division processes, the surviving cells showed 

depolyploidization to have a little bit more chromosomes comparing to parental cells. The CIN 

(chromosomal instability) assay measuring the centromere of chromosomes 8 and 18 

confirmed that chromosomal instability was increased in fused cells, and even in stable fused 

cell lines. Notably, a fraction of cells escaped from cell death and proliferated. These surviving 

fused cells were characterized by upregulation of survivin, reflecting increased survivin 

protein stability. Moreover, in fused cells, survivin became preferentially localized to the 

cytosol, where it is known to exert its anti-apoptotic function. Knockdown of survivin 

decreased survival to a greater extent in fused cells than in unfused cells, suggesting that fused 

cells became more dependent on survivin. Therefore, above findings indicate that, after cancer 

cell fusion, a subpopulation of fused cells with a higher level of cytosolic survivin are able to 

avoid apoptotic crisis and survive to proliferate continuously, a process that might contribute 

to human cancer progression. Regarding cancer progression, fused cells were superior to 
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unfused cells in their overall cell migration ability, and their abilities varied according to each 

cell line. In addition, when the cells were grown under low concentration of cisplatin, fused 

cells got resistance more readily than unfused cells. Collectively, the fusion of cancer cells 

leads to chromosomal instability that induce p53-dependent cell death; however, a fraction of 

cells such as the cells having more cytosolic survivin survive and get genetic diversity, which 

probably confers the cancer cells more progressed characteristics such as acquisition of 

chemoresistance as well as migration ability. 

cell fusion, apoptosis, survivin, asymmetric division, chromosomal instability 
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I. INTRODUCTION 

 

Physiological cell fusion results in terminally differentiated cells, such as 

syncytiotrophoblasts, myocytes and osteoclasts, whereas unphysiological cell fusion induced by 

a variety of agents, including viruses and chemicals, produce fused cells with proliferative 

capacity (Duelli et al., 2005). 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 causes daughter cells to become aneuploid and 

carcinogenic (Ganem et al., 2007). Physiological cell fusion results in terminally differentiated 

cells, such as syncytiotrophoblasts, myocytes and osteoclasts, whereas unphysiological cell fusion 

induced by a variety of agents, including viruses and chemicals, produce fused cells with 

proliferative capacity (Duelli et al., 2005). 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 causes daughter cells to become 

aneuploid and carcinogenic (Ganem et al., 2007). Unphysiological cell fusion has also been 

considered a mechanism by which cancer cells acquire more aggressive phenotypes (Lu and Kang 

2009). For example, fusion of cancer cells with macrophages has been reported to confer on 

cancer cells the capacity to invade and metastasize (Kerbel et al., 1983). It has also been suggested 

that fusion of cancer cells with endothelial cells may enable cancer cells to more easily penetrate 

the endothelial cell layer (Mortensen et al., 2004). Importantly, fusion between cancer cells can 

induce genomic instability, which can be a driving force for these cells to obtain diverse tumor-

progression phenotypes (Lu and Kang 2009). On the other hand, promoting cancer cell fusion has 

been considered a potential therapeutic strategy, because the profound genomic instability 

induced by cell fusion can induce cell death (Horn et al., 2005).  

However, the mechanism by which tetraploidy makes tumorigenesis has not yet been fully 

elucidated. Based on previous studies, tetraploid cells are known to have an increased number of 

centrosomes, which leads to multipolar division during mitosis and eventually divides CIN into 

higher aneuploid cells (Ganem and Pellman 2007; Levine et al., 1991). This aneuploidy also 

affects the cancer progression and may lead to phenotypic diversification of cancer, such as 
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metastasis and anti-cancer drug resistance (Vitale et al., 2010).  

The tetraploid cells produced by either cell fusion or cytokinesis failure become cell cycle-

arrested or apoptotic through a process that has been considered to be p53 dependent (Andreassen 

et al., 2001; Aylon and Oren 2011; Vogel et al., 2004). Activation of p53 induces p21-dependent 

cell-cycle arrest or increases proapoptotic Bcl-2 family proteins, such as Bax and Puma/BBC3, 

and thus induces apoptosis in a cell context-dependent manner (Vousden and Lu 2002;Wei et al., 

2001;Yu et al., 2003). Therefore, after cell fusion or cytokinesis failure, those cells with increased 

p53 activity are removed in a p53-dependent manner (Aylon and Oren 2011), whereas cells in 

which p53 is less activated survive and even proliferate, demonstrating an ability to form colonies 

in soft agar (Ho et al., 2010).  

Considering the tendency of cancer cells to inactivate p53, fusion between cancer cells may 

result in a high probability of escaping 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 with lower p53 activity is important to understanding 

the role of cancer cell fusion in cancer progression. In addition, the factors that determine the fate 

of fused cells are also important, but have not yet been identified. Here, 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 (Scheffner et al., 1990). Interestingly, massive cell death occurred a 

few days after fusion, followed by the emergence of proliferating cells. These proliferating cells 

were mainly tetraploid and appeared to have escaped apoptotic cell death, which had eliminated 

cells with a higher DNA content. Furthermore, upregulation and cytosolic localization of survivin 

was at least partly responsible for the escape of these proliferating cells from apoptotic crisis. 

Observing with a time-lapse microscopy for a long time following cell fusion, we will examine in 

detail how the fused cells proliferate and pass the cell division process.  

Interestingly, a large change of DNA contents occurred a few days after fusion through the 

cell division provoking chromosome missegregation with spindle multipolarity. Therefore, fused 

cells resulted in continuous karyotypic rearrangements, favoring the generation of progeny 

increased CIN and hence, the spontaneous evolution of tumors to malignancy such as acquire the 
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resistance to chemotherapy or cell migration ability. 
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II.  MATERIALS AND METHODS 

 

1. Cell cultures and plasmids 

HeLa cells were cultured in Dulbeccoôs modified Eagleôs medium nutrient mixture (Sigma 

Chemical Co.) supplemented with 10% (vol/vol) fetal bovine serum (Hyclone). G418 resistant - 

or Hygromycin resistant - HeLa cells were cultured in the presence of 0.3 mg/ml G418 or 0.2 

mg/ml Hygromycin B respectively. GFP- H2B or DsRed- H1 HeLa cells were cultured in the 

presence of 0.3 mg/ml G418. DiI (D282) and DiO (D275) were purchased from Gibco-Invitrogen 

(Carlsbad, USA). Cycloheximide (CHX) and z-VAD fmk were purchased from Sigma Chemical 

Co.. NAC (N-acetyl-L-cysteine) and cisplatin were purchased from Sigma-Aldrich Co. (Korea).  

. 

2. RNA extraction, reverse transcription-polymerase chain reaction 

Total RNA was extracted from cells using Trizol reagent (Ambion) according to the 

manufacturerôs instructions. First strand cDNA was synthesized from 1 µg of total RNA by using 

Rever Tra Ace qPCR (TOYOBO). The mRNA expression level of survivin was normalized using 

ɓ-actin as an internal control. The 2- CT relative quantification method was used to calculate 

the mean fold expression difference between the groups. The following primers were used: 

survivin, 5ô-CTGCCTGGCAGCCCTTTCTCAA-3ô (forward) and 5ô-

AATAAACCCTGGAAGTGGTGCA-3ô (reverse); ɓ-actin, 5ǋ-

GTGGCATCCATGAAACTACAT-3ǋ (forward) 5ǋ-AACGCAGCTCAGTAACAGTC-3ǋ 

(reverse). 

  

3. Antibodies 

We purchased following antibodies from Cell Signaling Technology (PARP-1, caspase 3, 

survivin, Bcl2, BAG1, p53), Santa Cruz (lamin-B, actin, Ŭ-tubulin, GAPDH) or Invitrogen (HRP-

conjugated secondary antibodies). Alexa Fluor 488 (Molecular Probes)-conjugated secondary 

antibody was used for immunocytochemistry.  

 

4. Cell fusion and FACS 
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HeLa cells were stained with DiI (10 ɛg/ml) or DiO (10 ɛg/ml) for 15 min at 37ÁC. Stained 

HeLa cells were washed with Ca2+/Mg2+-free phosphate buffered saline (PBS) and resuspended 

with fresh nonelectrolyte solution (1mM MgSO4, 1mM CaCl2, 0.3M Mannitol) at a density of 

2x106 cells per ml.  Same numbers of each stained cells were mixed and then used immediately 

for electrofusion by using ECM 2001 Electro Cell Manipulator (BTX, Harvard Apparatus). 

Optimized condition of electrofusion was as follows: AC 20 V for 30 sec, DC 700 V for 70 sec, 

post-fusion AC 20 V for 9 sec.  After then, cells were plated into 10 cm culture dish in normal 

growth media. After 2 hours, cell sorting was performed by using a FACS Aria III Flow cytometer 

(BD Biosciences). 

 

5. Measurement of cellular DNA content 

Cells were trypsinized, centrifuged and fixed with 70% cold ethanol for 1 hr. After samples 

were washed with cold-phosphate-buffered saline (PBS) and then resuspended in a solution 

containing RNase A (100 ɛg/ml) for 5 min, propidium iodide (50 ɛg/ml) was added. After 30 min 

of incubation, samples were subjected to FACS analysis using a FACS Vantage flow cytometer 

(Becton Dickinson, Franklin Lakes, NJ). 

 

6. Clonogenic cell proliferation assays  

Parental HeLa cells were used as control cells, and cultured in normal growth media without 

selective agents. Colonies were fixed/stained with an aqueous solution containing 0.25% (w/v) 

crystal violet, 20% (v/v) methanol and counted (Vitale et al., 2010). Only colonies consist of >30 

cells were counted. The effect of survivin knockdown was expressed as the survival fraction (%): 

survival fraction (%) = 100 x # of colonies in survivin knockdown plate/ # of colonies in control 

knockdown plate. 

 

7. Establishment of Cisplatin-resistance cells 

Cisplatin-resistant variants of unfused and fused HeLa cells were obtained by exposure to 

cisplatin as follows. Cells were cultured at an initial density of 1x105 cells per 6 well plate 

containing 3 ml medium for 1 day, was treated with 0.5, 1.0 or 2.0 ɛg/ml cisplatin for 1 day. Cells 

were then cultured in cisplatin-free medium for 1 weeks to recover cell density. The above 

treatment was repeated 8 times for 8 weeks.  
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8. Immunocytochemistry 

Cells were fixed with 3.7% formaldehyde in PBS and permeabilized with 0.1% Triton X-

100 in PBS. Fixed cells were incubated with primary antibody for overnight at 4ÁC. Cells were 

then washed with PBS and incubated with secondary antibody for 1hr at room temperature. For 

DNA counterstaining, DAPI (Molecular probes) was used. 

 

9. Cytogenetics: karyotypes and FISH  

For karyotypes, cells were exposed to 100 ng/ml nocodazole for 12 h, and mitotic cells were 

then collected, incubated at 37ÁC for 15 min in 0.075 M hypotonic KCl, pelleted and fixed with 

methanol:acetic acid (3:1) solution. After washing three times with PBS, samples were spreaded 

on slide glass, dried at room temperature (RT) for 24 h and then stained with 3% (wt/vol) Giemsa 

staining solution. Photographs were taken using confocal microscope (LSM710; Carl Zeiss, 

Germany).  

For FISH analysis, centromeric DNA probes for chromosomes 8 (CEP 8 Spectrum Orange, 

Direct Labeled Fluorescent DNA Probe Kit, Vysis, Abbott Molecular, USA) was used to 

determine the number of chromosome 8 constitution of interphase cells, according to 

manufacturerôs instruction. Cells were plated into chamber glass slides (MA Nunc Lab-Tek II, 

Thermo Scientific, Waltham, MA) at a density of 2.0 x 104 cells/ml. Cell were fixed coated with 

3:1 methanol:acetic acid, and allowed to dry. Samples were analysed and scored under a Zeiss 

Axiovert 200M microscope (Carl Zeiss). For analysis of interphase nuclei, signals were counted 

for as many nuclei available, up to 200 for each sample. Signals were scored as separate if they 

were further than a signalôs diameter apart in distance, according to established clinical practices 

of FISH signal interpretation and as described (Bayani and Squire 2005). 

 

10. Live cell imaging 

Sorted cells were seeded into 6 cm culture dishes at a concentration of 1.0Ĭ104 cells per dish. 

Phase contrast live cell imaging was performed as previously described with a Zeiss Axiovert 

200M microscope (Carl Zeiss) (Nam et al., 2014). DIC, GFP and DsRed fluorescence images 

were acquired with Motorized Inverted Fluorescence Microscope Nikon Ti-E (Nikon 
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Corporation). Microscope was enclosed within temperature and CO2-controlled environments 

that maintained an atmosphere of 37 and 3ï5% humidified CO2. GFP, DsRed and bright field 

images were captured at multiple points every 3 min for 4-5 days with objectives. Captured 

images from each experiment were analysed using NIS-Elements software. 

  



 

8 

 

III.  RESULTS 

 

1. Generation and isolation of fused cells.  

Separate populations of Geneticin-resistant and hygromycin-resistant HeLa cells were 

stained with the vital fluorescence dye DiO and DiI, respectively, and then subjected to 

electrofusion. Fused cells and unfused cells were separated and isolated by fluorescence-activated 

cell sorting (FACS). DiO/DiI double-positive [Dio(+)/DiI(+)] cells were identified as fused cells, 

whereas DiO (-) DiI (+) cells corresponded to unfused cells, which were used as control cells that 

had undergone the electrofusion procedure but without the resultant cell fusion (Fig. 1A). Fused 

cells and unfused cells were easily differentiated under a fluorescence microscope (Fig. 1B), and 

FACS analysis revealed that ~99% of the FACS-sorted fused cells were DiO (+) DiI (+) (Fig. 1C), 

indicating the reliability of the FACS procedure. A further analysis of fused cells 1 day after fusion 

revealed that about 67% had a single, enlarged nucleus or two nuclei, as expected for the fusion 

of two cells, whereas the remaining ~33% had more than three nuclei, suggesting fusion of more 

than three cells (Fig. 1D).  
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Fig. 1. Generation and isolation of fused cells. (A) Schematic diagram of the cell fusion and 

selection procedure is shown. Detailed procedure is described in Materials and Methods. (B) 

Nucleus number of fused and unfused cells was counted with images taken by fluorescent time-

lapse microscope (Ti-E Nikon). After cell fusion between H2B-GFP-HeLa and H1-DsRed-HeLa, 

isolated cells were seeded in a 4-well Lab-Tek chamber slide. Results are given as the mean Ñ SD 

from three independent experiments. (unfused; n=63, fused; n=23). (C) At 2 hours after fusion, 

cells were sorted by FACS and the purity of each isolated population was measured by analytical 

FACS.   
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2. Fused cells experience massive cell death.  

To address the fate of fused cells, we monitored cell proliferation and cell death after fusion. 

As shown in figure 2A, the growth rate of fused cells was significantly lower than that of unfused 

cells 4 days after cell fusion. Thereafter, the proliferation of fused cells modestly increased, 

whereas that of unfused cells increased steeply. 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. 2B-

C). 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 observed differences in cell 

proliferation might be at least partly attributable to differences in cell death.  

We next followed 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. 2D, left panel), a majority of fused cells showed a 

steep decline in cell number per well after quite variable times of division (Fig. 2D, right panel). 

An analysis of clones 9 days after fusion classified 81.4% of unfused cells as proliferative, 6.8% 

as growth arrested and placed 11.9% in the cell death category. The classification of clones of 

fused cells revealed a quite different picture: 26.8% were proliferative, 32.1% were in growth 

arrest and 41.1% belonged to the cell death category (Fig. 2E). These data clearly demonstrate 

that a major population of fused cells underwent cell death or growth arrest, whereas a fraction 

escaped the apoptotic crisis and continued to proliferate. 
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Fig. 2. Analysis of cell fate after cancer cell fusion. (A) Representative images of fused and 

unfused cells obtained from fusion of DiI+- and DiO+-HeLa cells as in Fig.1A by fluorescence 

microscopy. HeLa cells were fused as described in Materials and Methods. Scale bar: 50 ɛm. (B) 

and (C) After cell fusion, cell death and proliferation rate were measured after trypan blue staining. 

Cells were seeded at a density of 1x104cells 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 t-

test. (D) The fate of individual cell was monitored under microscope. Unfused or fused cells were 

seeded at a density of 0.5 cell per well in 96 well plate and cultured for 9 days in growth media 

without selection. The cell number in each well was counted at the indicated times. (B-D) These 

were performed by IH Kwak. (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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3. Cells with enlarged nuclei are prone to apoptosis. 

To more precisely describe cell fates after cell fusion, I continuously monitored cells by time-

lapse microscopy. This analysis clearly revealed a major population of dead (Fig. 3A, row 3) or 

growth-arrested cells, and a minor population of continuously proliferating cells (Fig. 3A, row 2). 

In contrast, most unfused cells were proliferative (Fig. 3A, row 1). I 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. 

3B), 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. 3D-E).  

It has previously been reported that tetraploid cells induced by cell fusion or cytokinesis 

failure tend to die via apoptosis (Castedo et al., 2006; Fukuta et al., 2008). To address this aspect, 

I 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 figure 3F. 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, zVAD-fmk, a pan-caspase inhibitor, clearly abolished the cleavage of both PARP-1 

and caspase-3 (Fig. 3F), and partly prevented the death of fused cells, but not unfused cells, 

thereby suggesting a partial involvement 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 (Fig. 4A-B), 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 (Fig. 4C), cell growth signif icantly increased in 
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fused cells after day 5 post-fusion, while there were no changes due to p53 depletion in 

unfused cells (Fig. 4D). In addition, the death of fused cells after p53 depletion decreased at 

day 3 post-fusion, and signif icantly dropped at day 5. On the contrary, unfused cells did not 

show signif icant decrease in cell death due to p53 depletion (Fig. 4E). 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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Fig. 3. Preferential el imination of the meganucleated cells with larger nuclei through 

apoptosis. (A) Representative images of each cell fate. Time-lapse images were acquired by 

using the Zeiss Axiovert 200M microscope. Phase-contrast images are shown (upper panels). 

Representative time-lapse 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 can proli ferate like unfused cells (white arrow in row 3). (B) Change of 

nuclear size following cell fusion. Images of DAPI-stained nuclei were measured by using 

Axiovision Rel 4.5 software (n=700). Bar indicates median value. (C) Representative images 

of meganucleated cell death following cell fusion. Dotted circles denote a single cell membrane. 
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The size (D) and number (E) of nucleus of cells at interphase was measured by the images 

of cells under microscopic observation (Nikon Ti -E). For data analysis we used NIS elements 

software. (F) Immunoblots of fused and unfused cells were probed with antibodies to PARP-1 

and caspase 3. The level of cleaved PARP-1, activated caspase 3 (black arrows) and p53 

were increased in fused HeLa cells. Cells were treated with or without z-VAD fmk (10 

ɛM) and harvested at 3 day following cell fusion. ɓ-actin: loading control. (G) Cell death 

was partially abrogated by the z-VAD-fmk in fused cells. Cells were seeded in a 12-well plate 

at a density of 1x104 cells/well and counted by 0.4% trypan blue staining at 3 day after cell 

fusion. Scale bar: 20 ɛm. Mean ± SD from three independent experiments; **, p<0.01; *, 

p<0.05 by Student's t-test.  
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Fig. 4. Accumulation of p53 on nucleus of fused cells and depletion of p53 attenuated cell 

death in fused cells. (A) Immunocytochemical staining of p53 in unfused and fused cells at day 

2 following cell fusion. (B) The percentage of p53-positive nucleus in unfused and fused cells. 

(C-E) Cells were transfected with indicated siRNAs (100 nM) and then performed cell fusion 

process. (C) Cells were harvested at day 5 following cell fusion. Protein blots of fused and unfused 

cells were probed with indicated antibodies. GAPDH: loading control. (D) and (E) Cell death and 

proliferation rate were measured after trypan blue staining. Cells were seeded at a density of 

1x104cells per well in 12-well plates and counted at the indicated times. (C-E) These were 

performed by JH Ahn. Mean ± SD from three independent experiments; ***, p<0.001; **, P < 

0.01; *, p<0.05 by Student's t-test. 
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4. Depolyploidization after cell fusion 

To assume the depolyploidization in fused cells, we isolated unfused and fused cells with 

FACS sorting after cell fusion between HeLa cells expressing H2B-GFP and H1-DsRed (Fig. 5A). 

To monitor the alteration of DNA contents following cell fusion, we first performed DNA FACS 

analysis over time. As expected, the fused cells initially showed > 2-fold DNA content to 

comparing to unfused cells. We also observed considerable amount of sub-G1 population around 

day 3 and day 5, as we have mentioned. Interestingly, increased DNA contents altered with 

reducing at 7 day (Fig. 5B) and reduction of DNA was kept maintaining for 21 days (data not 

shown). According with decreasing DNA contents, the percentage of bi- or multinucleated cells 

significantly decreased in fused cells by 5 days (Fig.5D).  

In order to chase each cell division, images were taken through a florescence time-lapse 

microscope every 3 minutes for 80 hours of fused and unfused cells and measured the nucleus 

area with NIS Elements ver. 4.0 (Nikon). As a result, the nucleus area increased with a large 

variation at first but showed the decease of median value in fused cells (Fig.5C). It was clearly 

informed that the depolyploidization induced in fused cells passing through cell divisions. 

  



 

18 

 

 

 

Fig. 5. Depolyploidization of fused cells. (A) The first fluorescence images of unfused (H1-

DsRed-HeLa) and fused (H2B-GFP-/H1-DsRed-HeLa) cells using fluorescence time-lapse 

microscopy (Nikon Ti-E). Scale bar, 20 ɛm. (B) Changes in the DNA histograms of fused and 

unfused cells for 10 days. Cells were harvested and fixed with ethanol at indicated time point 

followed by propidium iodide staining for DNA content. Dotted lines indicate G1 peak of unfused 

cells at 3 day, as a control. (C) Alterations of nucleus area of G2 phase cells from time-lapse 

analysis. Images of unfused (H1-DsRed-HeLa) and fused (H2B-GFP-/H1-DsRed-HeLa) cells 

were acquired every 3 minutes for 80 hours using by fluorescence time- lapse microscopy (Nikon 

Ti-E). Nucleus area of G2 phase cells before chromosome condensation was measured by using 

NIS viewer version 4.0 (Nikon). F0 means the cells just after cell sorting. F1 is the daughter cells 

of F0, as a next generation. (D) Quantification of the bi- or multinucleated cells following cell 

fusion. Cells were harvested and fixed at indicated time point. Ŭ-tubulin and DAPI staining was 

used for ICC. Results are given as the mean Ñ SD from three independent experiments; ***, 

p<0.001 by Student's t-test.  
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5. Fused cells showed asymmetric division showing chromosome missegregations with 

spindle multipolarity. 

Cell fusion actually induces the increase of centrosomes. As expected, fused cells were 

increased supernumerary centrosomes than unfused cells showing 1 or 2 centrosomes. But 

numerical aberration of centrosomes gradually disappeared and converged with 1 or 2 

centrosomes in fused cells for 7 days (Fig. 6B). Normally in diploid cells, at the beginning of 

mitosis, single centrosome duplicates and the mother and daughter organelles migrate to opposite 

cell poles, directing the formation of the spindle, to guarantee a balanced chromosomal 

segregation (Nigg and Stearns 2011). However, we expected that supernumerary centrosomes 

induced by cell fusion can cluster together, acting as two single units mimicking a bipolar spindle, 

or as single entities that generate multipolar spindles in which chromosomes are improperly 

segregated into two or more daughter cells. Cells had been specially stained centrosome with 

using gamma-tubulin Ab by time after cell fusion and nucleus had been counter-stained with 

DAPI (Fig. 6A).  

To understand the reduction of DNA contents in fused cells, I chased the fate of cells every 

three minute for 80hrs after their generation by time-lapse microscopy. First, it was analyzed that 

how many cells entered into mitosis as setting F0 for the first cells right after fusion. More than 

90% of fused cells except 9.5% of cells showing interphasic death proceeded in mitosis similarly 

with unfused cells (Table 1).  

And we found that fused cells underwent multipolar (mostly tri- or tetrapolar) mitosis ð

which are associated with Y- and X-shaped metaphasesðmuch more frequently than unfused 

control cells (Fig. 7A and B).  

Following the time-lapse data for about 80hours revealed that most of unfused cells (about 

90%) showed bipolar spindles, whereas fused cells conducted forming multipolar spindles in 

approximately more than 85% of cells during the first mitosis. And it was also provided that the 

fused cells with spindle multipolarity were reduced up to 30% through next mitosis, on the 

contrary, the cells with bipolar spindles were increased closed to 70% as the time passed (Fig. 

7B). 

Next, I measured the time of mitotic duration from nucleus envelope breakdown (NEBD) to 
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anaphase onset (AO), which is under the control of the spindle assembly checkpoint (SAC), which 

inhibits the anaphase-promoting complex/cyclosome and delays anaphase onset if kinetochores 

are not properly attached to spindle microtubules (Foley and Kapoor 2013; Khodjakov and Pines 

2010). Consistent with these observations, we found that mitotic duration of fused cells was 

significantly lengthen and it might delay anaphase onset until all kinetochores are attached to 

spindle microtubules (Fig. 7C).  

And the process of cytokinesis is very important for the maintenance of genome integrity, 

however, it was exhibited that as for fused cells, cytokinesis failures, which was coordinated with 

furrow regression and abscission failure, were occurred and the first generated F0 cells displayed 

higher frequency of 76%, while unfused did slightly about 6% (Table 1). By such cytokinesis 

failure, it was found that daughter cells were not divided evenly as spindle pole numbers, and 

eventually ended in asymmetric division in fused cells (Fig.8).  

Taken together, apart from bipolar division in unfused cells, fused cells harboring 

supernumerary centrosomes accumulated spindle multipolarity and chromosome missegregation 

and led to cytokinesis failures and asymmetric division. These results presumably constituted the 

major generator of aneuploidy and genomic instability in fused cells. 

To further characterize the chromosomal instability in the fused lines, we performed cell 

fusion between G418R-HeLa and hygromicinR-HeLa and it was cultured for more than one 

month in selection media with limiting dilution by plating on 96 well plate at a density of 0.5 

cell per well after sorting. The alteration of numerical chromosomes was performed with 

Giemsa staining of chromosome spreads. The number of chromosomes per cell showed in all 

12 cell lines, an abnormal deviation from the average number of hypertriploid HeLa cells. In 

Fig. 10A and B, examples of Giemsa-stained metaphase spreads of fused cell lines (#301~360) 

and unfused, as control cell lines (#225~244) are shown. The number of chromosomes per cell 

revealed a widespread variability in chromosome number (aneuploidy), distributing around 

doubled within all fused cell lines. In contrast, the control cell line revealed predominantly a 

hypertriploid karyotype.  

As a confirmation experiment for chromosomal instability, CIN assay was performed by 

FISH analysis on each cell line using a centromere specific probe. Cells were isolated with 
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fused and unfused cells and cultured with selection media for 1 month to exclude any 

contamination with unfused cells. And cells were subcultured with or without selection media 

for 2 weeks.  

To assess mitotic fidelity in fused lines, I quantified the modal chromosome number and 

the percentage of cells deviating from that mode in unfused and fused cells using FISH with 

the centromere specific probe of chromosome 18 (Fig. 10D). As the result, the percentage of 

fused cells deviating from modal Cep18 number (n=4) was only about 15%, while fused lines 

which were cultured without selection media significantly increased the deviation from modal 

number by 25%. It provided that fused cells displayed a large alteration of chromosome 

number through cell division and revealed that chromosomal instability was induced in fused 

cells by cell-to-cell fusion.   

Next, I checked that the CIN phenotypes were observed with stable clones in fused cells. 

I imaged fixed cells and found that near 2-fold increase on centrosome amplification was 

observed in fused lines. In addition, fused lines displayed not only increase of spindle 

multipolarity but also segregation aberrations with ~2.0-fold and 1.5-fold, respectively (Fig. 

10E-G). These data provided that mitotic errors frequently occur in fused cell lines as well as 

in primary fused cells immediately after cell fusion, indicating that the proliferation of fused 

lines must combine with elevated chromosome missegregation rates to generate aneuploid 

cells with CIN. 

Along with this, CIN phenomenon was not only led in fused cell right after fusion but 

also in stable lines showing significant increment of centrosomes, lagging chromosomes, late 

segregating defects (Fig. 10G). It suggests that CIN is induced by cancer cell fusion in both 

fused cells and established lines. 
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Table 1. Phenotypes of cell cycle in F0 cells (%) 
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Fig. 6. Fused cells showed supernumerary centrosomes.  (A) Confocal microscopy images 

from unfused and fused cells stained for centrosomal ɔ-tubulin (green) and nucleus (DAPI, blue). 

Scale bar, 20 ɛm. (B) Quantification of centrosomes (ɔ-tubulin spots) and nucleus (DAPI) number 

in a cell. Cells were seeded at a density of 1x104
 
cells per well in 12-well plate and fixed at the 

indicated time point. More than 300 cells from (A) were counted for each time, from three times 

of independent experiments. Data pooled from three independent experiments. 
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Fig.7. Mutipolar division resulted in depolyploidization of fused cells. (A) Images of 

unfused (H1-DsRed-HeLa) and fused (H2B-GFP-/H1-DsRed-HeLa) cells were acquired by 

fluorescence time-lapse microscopy (Nikon Ti-E). Still images of time-lapse microscopy 

experiments show representative cells at NEBD, metaphase, anaphase and telophase (from 

left to right). The time of initial round-up was set to 00:00 (hr:min). Scale bar, 10 ɛm. (B) 

Representative images of multipolar spindles in fused cells at metaphase. Confocal microscopy 

images from unfused and fused cells stained for centrosomal ɔ-tubulin (green) and nucleus 
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(DAPI, blue). Scale bar, 20 ɛm. (C) Quantification of the cells showing bi- or multipolar 

division was performed using the images at metaphase. M and number mean mitosis and its 

order. (D) Measuring the time of mitotic duration from NEBD to anaphase onset in period of 

the first mitosis after observation. Mitotic duration was analyzed with images from time-lapse 

data (n=25). (E) Representatives images show centrosome clustering of fused cells (hh:mm). 

(F) Bar graph was quantified by measuring the mitotic duration time according to the 

number of spindle poles. Scale bar, 20 ɛm. Results are given as the mean Ñ SD from three 

independent experiments; ***, p<0.001 by Student's t-test. 
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Fig. 8. Accumulated mitotic defects in fused cells. (A) Representative frames from time- 

lapse microscopy of cytokinesis progression of cells expressing H2B-GFP and H1-DsRed 

after cell fusion. Three daughter cells (white dots) became two cell s (white and black 

dots) owing to abscission failure due to DNA bridge in magnif ied view of the dashed box in 

(A). (B) Quantif ication of the cytokinesis failure (CF) with or without DNA bridges during 






















































