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ABSTRACT

Soft tissue sarcomas with complex genomics are very heterogeneous tumors 
lacking simple prognosis markers or targeted therapies. Overexpression of a subset 
of mitotic genes from a signature called CINSARC is of bad prognosis, but the 
significance of this signature remains elusive. Here we precisely measure the cell cycle 
and mitosis duration of sarcoma cell lines and we found that the mitotic gene products 
overexpression does not reflect variation in the time spent during mitosis or G2/M. 
We also found that the CINSARC cell lines, we studied, are composed of a mixture of 
aneuploid, diploid, and tetraploid cells that are highly motile in vitro. After sorting 
diploid and tetraploid cells, we showed that the tetraploid cell clones do not possess a 
proliferative advantage, but are strikingly more motile and invasive than their diploid 
counterparts. This is correlated with higher levels of mitotic proteins overexpression. 
Owing that mitotic proteins are almost systematically degraded at the end of mitosis, 
we propose that it is the abnormal activity of the mitotic proteins during interphase 
that boosts the sarcoma cells migratory properties by affecting their cytoskeleton. 
To test this hypothesis, we designed a screen for mitotic or cytoskeleton protein 
inhibitors affecting the sarcoma cell migration potential independently of cytotoxic 
activities. We found that inhibition of several mitotic kinases drastically impairs the 
CINSARC cell invasive and migratory properties. This finding could provide a handle 
by which to selectively inhibit the most invasive cells.

INTRODUCTION

Soft tissue sarcomas (STS) [1] are rare mesenchymal 
malignant tumors that can derive from different cell 
lineage and from almost any soft tissue in the body [2]. The 
genome of STS cells may present simple translocations 
or harbor complex chromosome rearrangements that add 
another level of complexity to the lineage heterogeneity. 
As a result, the classification of STS, based on tumor 
cell differentiation and histological grading, is very 
challenging. Indeed, although these tumors account for 
less than 1% of human cancers, there are over 75 STS 

groups [3, 4]. Tumor resection followed by radiotherapy 
is widely used for low graded and localized tumors, 
but 5 years overall survival remains very poor. Patients 
that develop local relapse or distant metastasis, benefit 
of palliative chemotherapy treatments with a very low 
response rate [5].

Improved classification and identification of markers 
started with the development of genomic analyses and 
genetic characterization of STS. As a result, a list of 
specific gene mutations, amplifications and chromosome 
rearrangements is rapidly growing for many types of soft 
tissue sarcoma tumors [6]. Functional studies aimed at 
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confirming altered pathways are developed with generation 
of sarcoma derived cell lines and in vivo models [7] and 
should allow the design of targeted therapies for patients 
developing STS tumors.

In this context, genomic and expression profiling 
of STS with highly rearranged genomes led to the 
identification of a validated 67 overexpressed genes 
signature called CINSARC for genome Complexity 
Index in SARComas. In STS and several other cancers, 
CINSARC predicts metastasis outcome with better 
confidence than the histological grading system developed 
by the French Federation of Cancer Centers Sarcoma 
Group (FNCLCC) [8, 9]. CINSARC is a molecular 
signature mostly composed of genes that encode cell cycle 
proteins controlling chromosome integrity and mitotic 
progression. Strikingly, most of the mitotic kinases and 
kinesins regulating the establishment and the evolution 
of the microtubule spindle during mitotic progression, 
required to faithfully segregate sister chromatids in 
daughter cells, are found among these 67 gene products.

Cell tetraploidization often occurs early in 
tumorigenesis [10] and may result from different 
insults to the cells such as telomere attrition [11, 12] or 
mitotic defects. For example, centriole amplification or 
overexpression of spindle assembly checkpoint proteins, 
but also cytokinesis failure or loss of AURKB dependent 
abscission checkpoint can all induce tetraploidization 
[12–20]. In normal cells, cytokinesis failure triggers 
activation of Hippo pathway, leading to TP53 dependent 
G1 arrest [1, 21–23]. However, when the TP53-dependent 
surveillance mechanism is lost, tetraploid cells will keep 
cycling, further promoting chromosome instability (CIN), 
aneuploidy and tumorigenesis [14, 18, 24]. To keep their 
proliferative advantage, derived cancer cells may adapt by 
inducing centrosomes clustering and/or silencing during 
mitosis [25–27].

Thus deregulation of mitotic genes observed in 
CINSARC positive tumors likely participates to the 
increasing complexity in chromosomes aberrations, 
rearrangements and instability observed in metastatic STS 
tumors.

Most intriguing, however, is the link that CINSARC 
signature makes between deregulation of mitosis and 
increased metastatic potential. As yet, only a few studies 
suggested that mitotic gene products could be linked to 
increased cell motility and invasive properties. Among 
them mitotic checkpoint proteins BUBR1 and Mad1 
were proposed to regulate cellular motility through the 
regulation of MMP-2/9 metalloproteases and integrin 
secretion respectively [28, 29]. Most interestingly, 
identification of novel partners also directly linked 
mitotic CCNA2 and AURKA Kinase to the promotion of 
cell migration through RhoA and SSH1/CFL1 mediated 
regulation of actin dynamics [30, 31].

Here, we show that cell lines derived from 
CINSARC tumors acquired highly motile and invasive 

phenotypes. From these heterogeneous cell lines, we 
derived diploid and tetraploid clonal cell lines. RNA 
sequencing showed that clonal populations were positive 
for CINSARC signature and likely shared a same origin.

Relative to control fibroblast, overexpression 
of CINSARC transcripts was similar in all clones. In 
contrast, increase of most candidate mitotic gene products 
steady state levels was more elevated in tetraploid versus 
diploid cells. This did not confer significant proliferation 
advantage to tetraploid cells but strikingly increased 
their motility potential. In addition, we found that drug 
mediated inhibition of major mitotic kinases AURKA/B 
and TTK considerably reduced the migratory potential of 
all CINSARC clones.

RESULTS

CINSARC positive MFH137 and MFH152 
sarcoma cell lines are hyper motile

We investigated the motile and invasive properties 
of CINSARC positive MFH152 and MFH137 sarcoma 
cell lines derived from metastatic tumors. Using a 
wound-healing assay to monitor cell migration, we 
found that MFH152 and MFH137 cells are extremely 
motile compared to non-transformed IMR90 fibroblast 
cells (Figure 1A and Supplementary Video 1). To avoid 
putative caveats from the wound procedure, we used 
size-controlled cell seeding stoppers from Oris™ and 
confirmed the high migratory potential of MFH137 and 
MFH152 cells (Figure 1B and 1C). Since these assays 
measure migration of grouped cells, we used fibronectin-
coated narrow lines to monitor individual cells migration 
(Supplementary Video 2). As shown in Figure 1D, 
MFH137 and MFH152 still moved very fast, when forced 
to migrate individually. Finally, using a collagen layer-
based 3D migration assay we found that MFH137 and 
MFH152 are highly invasive compared to untransformed 
fibroblasts (Figure 1E and 1F). In conclusion and as 
expected from the metastatic potential of the tumors they 
derive from, we found that MFH152 and MFH137 cells 
are highly motile and invasive in vitro.

Cell cycle analysis reveals the heterogeneity of 
MFH152 and MFH137 sarcoma cell lines

Since one striking feature of the MFH152 and 
MFH137 cells is to overexpress mRNAs involved in cell 
cycle regulation, we wondered whether it is correlated 
with cell cycle perturbations. To address this question, 
we constrained cells within fibronectin-coated circular 
areas and followed them by time-lapse microscopy over 
several divisions (72 hours, Supplementary Videos 3-5). 
The average cell cycle length was almost twice as long 
for MFH137 and MFH152 cells (32 hours) compared to 
IMR90 fibroblast cells (Figure 2A). In addition, cell cycle 
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Figure 1: MFH137 and MFH152 sarcoma cell lines have a great invasive and motile potential. (A) Confluent IMR90 
fibroblast or MFH152 or MFH137 sarcoma cell monolayers were scratched with pipet tips and imaged every hour to study collective 
migration. Quantitative histogram shows the average speed, calculated from the wound closure rate, using image J software. (B) and 
(C) two-dimensional migration assay using the Oris™ cell assay. Cells were allowed to migrate for 24h after the removal of cell seeding 
stoppers, fixed and stained with phalloidin to evaluate their motile potential. Representative photomicrographs are shown in panel (B), the 
yellow broken lines show the empty migration zone at the start of the experiment while the blue lines delimit the cell-free area after 24h 
of migration. Quantitative data are presented in panel (C). (D) Speed of individual IMR90, MFH152 and MFH137 cells was evaluated 
using the CytooChips Motility system to follow individual cell migration. (E) and (F) Invasive potential of IMR90, MFH152 and MFH137 
cell lines measured after 24h. Representative micrographs show starting cell density at 0µm (E, insets) and invasive cells at 50 µm (E). 
Quantitative data are represented in panel (F). For all experiments, data are reported as means ± SEM (n ≥ 3). ***p < 0.001 (ANOVA test), 
as compared with the human fibroblast IMR90 cell lines.
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length was very heterogeneous between individual sarcoma 
cells lasting from 21 to 50 hours and from 22 to 46 hours 
respectively for MFH152 and MFH137 cells (Figure 2A). 
The cell heterogeneity was even more striking with mitosis 
duration that ranged from 24 min to 432 min (average 93 
min) and from 16 to 368 minutes (average 70 min) for 
respectively MFH152 and MFH137 cells. By comparison, 
IMR90 spent 27 min average in mitosis (Figure 2B). 
Analyses of DNA content by flow cytometry showed that 
both MFH152 and MFH137 cell lines display an unusual 
proportion of cells containing at least 4n DNA content 

(Figure 2C–2D). To analyze whether the “shoulder” of 
the 4n DNA peak in MFH137 and MFH152 cells could 
represent G1 phase of a tetraploid subpopulation and/or 
aneuploid cell subpopulation, we performed metaphase 
chromosome spreads of these cells (Figure 2E). MFH152 
and MFH137 cell lines contain three distinct cell populations 
with respectively 46, 92 or intermediate chromosomes 
number indicative of diploid, tetraploid and aneuploid 
cells (Figure 2F). Altogether our results suggest that the 
heterogeneity of the cell cycle in both sarcoma cell lines 
likely reflects the mixture of these cell lines subpopulations.

Figure 2: MFH137 and MFH152 sarcoma are a heterogeneous population. (A) and (B) quantitative analyses of cell cycle and 
mitosis length of IMR90, MFH152 and MFH137 cell lines following image acquisition of the cell lines for up to 72h. Panel (A) displays the 
quantitative data of cell cycle duration, while panel (B) shows the length of mitosis. (C) and (D) IMR90, MFH152 and MFH137 cells lines 
were fixed and stained with propidium iodide for cytofluorometric assessment of cell cycle progression. Cell cycle distribution analysed by 
flow cytometry panel (C) and quantitative data (means ± SEM; n = 3) of corresponding flow cytometry profiles panel (D) are shown. (E) 
and (F) Metaphase spread of IMR90, MFH152 and MFH137 cells lines. Panel (E) shows examples of DAPI-stained chromosomes in the 
metaphase spreads with the corresponding ploidy while panel (F) reports quantitative data.
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Cell cycle profiles of diploid and tetraploid 
clones are similar but spindle assembly 
checkpoint is weakened in tetraploid clones

To be able to compare the behavior of diploid and 
tetraploid cells in the MFH137 and MFH152 sarcoma cell 
lines, we sorted them by flow cytometry using limiting 
dilution subcloning [32] and according to their size 
(Supplementary Figure 1A). A number of clones derived 
from single cells had a G1 profile with a 2n-4n intermediate 

content in DNA indicating strong chromosome instability 
(Supplementary Figure 1B). This aneuploid subpopulation 
was previously identified in the parental cell lines by 
metaphase chromosome spread (Figure 2F)

We chose to further analyze diploid and tetraploid 
clones that had DNA content profiles, in agreement with 
respective 2n/4n and 4n/8n populations containing less 
than 20% of cells in G2/M phase (Supplementary Figure 
1B, Figure 3A–3B for MFH152, Supplementary Figure 
2A-2B for MFH137).

Figure 3: Cell cycle of diploid and tetraploid clones is similar but tetraploid clones have a weak spindle assembly 
checkpoint. (A) and (B) Diploid (Cl1) and tetraploid (Cl7) MFH152 clones were fixed and stained with propidium iodide for the 
cytofluorometric assessment of cell cycle progression. Cell cycle distribution analysed by flow cytometry is displayed in panel (A). 
Quantitative data of corresponding flow cytometry profiles are plotted in panel (B). (C) and (D) Diploid (Cl1) and tetraploid (Cl7) MFH152 
clones were imaged for up to 72h, by time lapse microscopy, to evaluate their respective cell cycle length and the time spent in mitosis. 
Panel (C) displays the quantitative data of cell cycle duration, while panel (D) shows the length of mitosis. **p < 0.05 (ANOVA test), n.s., 
not significant. (E–F) Fraction of G2/M cells present in two diploid and two tetraploid clones were analyzed by Flow cytometry profile (E) 
and quantified (F) following staining with antibodies directed against Ser10 Phospho-histone H3 (means ± SEM; n = 3). (G–H) Robustness 
of SAC in two diploid and two tetraploid clones. Percentage of the cell population arrested in mitosis following 16 hours exposure to carrier 
(control), nocodazole (200nM) or paclitaxel (100nM) (G) and percentage of the total number of arrested mitotic cells at 16 hours (100%) 
sustaining SAC over prolonged exposure to nocodazole (means ± SEM; n = 3).
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Flow cytometry analyses at different cell passages 
revealed that the DNA content of some of these clones 
remained stable for three months (data not shown). We 
thus characterized their cell cycle and motility profiles at 
early passages. A more homogenous cell cycle length was 
observed in subclones compared to parental cell line and 
averaged 22/26 hours respectively for diploid/tetraploid 
clones derived from MFH152 (Figure 3C). A similar 
behavior was observed for MFH137 cells (Supplementary 
Figure 2C). The statistically significant small variation 
of cell cycle length between diploid and tetraploid cells 
could reflect a required lengthening of G1 to G2 phases to 
prepare larger cells for cell division.

Duration of mitosis was similar in diploid and 
tetraploid clones derived from MFH137 and MFH152 
cell lines (Figure 3D and Supplementary Figure 2D). 
To better compare the G2/M cell populations in diploid 
and tetraploid clones derived from MFH152 cells, we 
next analyzed by flow cytometry, their Ser10 Phospho-
histone H3 content (Figure 3E). Quantification of the 
flow cytometry profiles shows that the fraction of Ser10 
Phospho-histone H3 positive cells is largely similar in 
tetraploid and diploid clones (Figure 3F).

Cell tetraploidization is often linked to the 
weakening of the mitotic spindle assembly checkpoint 
(SAC). We thus investigated the strength of SAC in 
diploid and tetraploid clones derived from MFH152 cells. 
Nocodazole and taxol drugs interfere with microtubule 
dynamic and induce, in exposed cells, activation of the 
SAC and prometaphase arrest. Over a large range of drug 
concentrations, parental MFH152 cell line could not 
efficiently be synchronized likely reflecting the lack of 
SAC in the aneuploid cell subpopulation (data not shown). 
After 16 hours nocodazole or taxol drug exposure, diploid 
clones were more efficiently arrested (60-80%) than 
tetraploid clones (40-50%) and parental MFH152 cells 
(20-30%) suggesting that diploid cells respond better than 
tetraploid cells to checkpoint conditions (Figure 3G).

Next, to analyze, how spindle assembly checkpoint 
is sustained in arrested cells. The decay of all nocodazole 
arrested mitotic cells measured after 16 hours exposure 
(Figure 3G) was monitored over longer time of drug 
exposure. As observed (Figure 3H), tetraploid cells 
escaped faster (50% escape at respectively 30 and 36 
hours for clone 8 and 7) than diploid cells (50% escape at 
respectively 46 and 63 hours for clone 2 and1) confirming 
the weakness of the SAC in tetraploid clones.

We conclude that the dispersion, we observed for 
mitosis length and cell cycle duration in parental cell 
lines, likely reflected the behavior of their aneuploid cell 
subpopulations. In contrast, MFH152 derived tetraploid 
and diploid clones have homogeneous and comparable cell 
cycle profiles with similar cell fraction in G2/M phases. 
Although the spindle assembly checkpoint is more robust 
in diploid than in tetraploid clones, the latter do not have 
significant proliferative advantage over the diploid cells.

Sorting of diploid and tetraploid clones reveals 
that the tetraploid cells are more motile than 
their diploid counterparts

We next compared motile properties of diploid and 
tetraploid cells and found that tetraploid MFH152 cells 
migrate more efficiently than diploid cells (Figure 4A-4D).

First, motility assays were performed with confluent 
cells using cells seeding stoppers, as in Figure 1B. To 
avoid artifactual quantification related to diploid and 
tetraploid cell size difference, we counted the number 
of cells that penetrated inside the migration zone after 
24 hours and found that roughly twice as many tetraploid 
cells colonized the empty space compared to diploid cells 
(Figure 4A-4B). The same assays performed on 2n and 4n 
MFH137 clones (Supplementary Figure 2E-2F) confirmed 
that motility is greatly enhanced in tetraploid compared to 
diploid sarcoma subclones.

Migrating cells may behave differently during 
collective cell migration, when cell/cell junctions play 
important functions, or as individualized cells. We 
therefore followed individual cells motility, of diploid 
and tetraploid clones derived from MFH152 cells, over a 
20 hours time range. As for collective cell migration, we 
found that individualized tetraploid cells were significantly 
more motile than diploid cells (Figure 4C–4D).

We next sought to investigate and compare the 
invasive properties of MFH152 derived diploid and 
tetraploid clones. Cell Index Invasion was determined 
between 10 and 20 hours after seeding the cells. We 
found that tetraploid/diploid clones respectively display 
the most/the less invasive behavior while the parental 
MFH152 cells have an intermediate invasive behavior 
(Figure 4E).

Altogether, our results show that compared to 
diploid, tetraploid clones developed a more aggressive 
behavior characterized by increased motility and 
invasiveness.

Diploid and tetraploid subclones are closely 
related and overexpress mitotic gene products

Many mitotic gene transcripts are deregulated 
in CINSARC positive cells [8] and abnormal mitotic 
figures are observed in these cells. As an example, strong 
overexpression of kinesin KIF11 is detected on metaphase 
spindle poles and in membrane blebs in MFH137 and 
MFH152 parental cell lines (Figure 5A).

Since diploid and tetraploid cell subclones derive 
from the same CINSARC positive tumor, we wondered 
whether their different motile behavior solely results from 
the specific properties of the cells they derive from inside 
the heterogeneous resected tumor.

To test this hypothesis, we performed transcriptome 
analyses of two diploid and two tetraploid MFH152 
clones, together with IMR90 control fibroblast by RNA 
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sequencing. Clustering results show that the two diploid 
clones together and the two tetraploid clones together were 
very similar with r=0.9901 and r=0.9939 respectively. 
A strong similarity was again observed between 2n and 
4n clones (r=0.9701) while respectively more distant 
from the IMR90 (r=0.9114 and r=0.9046). In summary, 
transcriptomic profiles of 2n and 4n subclones are very 
closely related, as shown by the agglomerative coefficient 
that measures the clustering structure of the data set. 
Thus, they could be of same origin although this analysis 
does not definitely prove that they derive from each other 
(Figure 5B).

Since, mRNAs deregulation of CINSARC mitotic 
genes is conserved in derived diploid and tetraploid 
MFH152 subclones (Table 1 and Supplementary Figure 3) 
that are closely related but have different motility 
potential, we wondered whether representativity of mitotic 
gene products might be different in diploid and tetraploid 
subclones.

We analyzed, by western blot, the steady state 
level of several candidate mitotic and non-mitotic gene 
products in diploid and tetraploid MFH152 clones. We 
found that most mitotic proteins tested were only modestly 
overexpressed in diploid MFH152 clones compared to 

Figure 4: Tetraploid clones are more motile and invasive than diploid clones. (A-B) Four diploid (Cl1-4) and five tetraploid 
(Cl5-9) MFH152 clones were plated using the Oris™ cell migration assay and grown for 24h before fixation. DAPI staining was used to 
evaluate the cells migratory potential. Representative micrographs are shown in panel (A) while panel (B) shows the percentage of nuclei 
inside the migration zone (means ± SEM; n = 3), ***p < 0.001 (ANOVA test, each tetraploid over each diploid). In panel (A), orange 
circles show the migration zone at the start of the experiment (0h). (C-D) Two diploid (Cl 1-2) and two tetraploid (Cl 7-8) MFH152 clones 
were grown in non-confluent conditions and imaged for 24 hours, using time-lapse microscopy, to evaluate respective migration potential 
of individual cells. Panel (C) shows representative micrographs of the trajectories reconstituted using imageJ software of some cells from 
diploid (Cl 1) and tetraploid (Cl 8) clones, while panel (D) shows the individual cells speed (means ± SEM; n = 3), ***p < 0.001, **p<0.05 
(ANOVA test). (E) Invasive behavior of cells from a diploid (Cl 1), a tetraploid (Cl 7) clones and MFH152 mother cell line was followed 
between 10 and 20 hours after seeding using the xCELLigence RTCA DP instrument (Ozyme, France) (means ± SEM; n = 4).
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Figure 5: Tetraploid clones overexpress numerous proteins implicated in mitotic control and chromosome integrity. (A) 
Metaphases of HS68 fibroblast, MFH137 and MFH152 parental sarcoma cells plated on L shape CYTOOchipsTM coated with fibronectin 
and stained for indicated antibodies and for actin (phalloidin). Phalloidin staining shows that mitotic sarcoma cells have multiple blebs and 
do not adhere properly to the fibronectin coated L shape. Kinesin KIF11 is overexpressed and mislocalized in blebs. These mitotic figures 
are representative examples of the numerous mitotic defects observed in sarcoma cell lines (n>5). Detail of images of tubulin and KIF11 
stainings are shown on the right. Bar is 10 μm. (B) Clustering results of IMR90 together with MFH152 diploid clones 1 and 2 together and 
tetraploid clones 7 and 8. (C) Three diploid (Cl 1-3) and three tetraploid (Cl 6-8) MFH152 clones (framed in green and red, respectively) 
and the IMR90 cell line (framed in blue) were collected for western-blot analysis of the indicated proteins involved in cytoskeleton, cell 
cycle and mitotic regulation. (D-E) Immunofluorescence of interphasic (D) or mitotic (E) cells from diploid (Cl 1-2) and tetraploid (Cl 7-8) 
MFH152 subclones were stained for tubulin together with KIF11 (D) or AURKA (E). KIF11 is overexpressed in tetraploid clones. Detail of 
merge images between tubulin and KIF11 is shown on the right, Bars: 20 μm (D). AURKA is overexpressed in midzone region of tetraploid 
clones. Detail of merge images between tubulin and AURKA is shown on the right, Bars: 15 μm (E).
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Table 1: CINSARC genes RNA Seq data for MFH152 diploid and tetraploid clones normalized to IMR90 expression 
levels

MFH152

Diploid Tetraploid

GeneSymbol IMR90 Cl 1 Cl 2 Cl 7 Cl 8

ANLN 1.0 3.0 2.9 3.1 3.2

ASPM 1.0 2.4 2.5 2.1 2.0

AURKA 1.0 1.8 2.1 1.6 1.5

AURKB 1.0 3.7 4.4 3.0 3.1

BIRC5 1.0 3.0 3.1 2.0 1.7

BUB1 1.0 3.6 3.2 2.9 3.0

BUB1B 1.0 1.8 2.2 1.7 1.7

CCNA2 1.0 1.5 1.8 1.2 1.0

CCNB1 1.0 1.9 2.4 1.8 1.3

CCNB2 1.0 2.2 3.0 2.3 1.9

CDC20 1.0 1.9 2.1 2.7 2.2

CDC6 1.0 1.7 1.6 1.5 1.7

CDC7 1.0 4.2 5.3 3.2 3.8

CDCA2 1.0 1.5 1.8 2.0 1.8

CDCA3 1.0 2.4 2.5 2.0 1.4

CDCA8 1.0 1.8 2.1 2.6 2.5

CENPA 1.0 2.9 3.5 2.4 1.8

CENPE/KIF10 1.0 2.2 2.2 1.2 1.0

CENPL 1.0 2.1 1.9 1.8 2.1

CEP55 1.0 2.9 2.6 2.2 2.0

CHEK1 1.0 1.4 1.5 1.3 0.8

CKS2 1.0 1.6 1.9 1.5 1.2

ECT2 1.0 2.6 2.9 2.7 2.3

ESPL1 1.0 2.3 2.4 2.4 2.3

FBXO5 1.0 2.3 2.5 2.5 2.4

FOXM1 1.0 2.7 3.2 2.8 2.2

H2AFX 1.0 1.7 2.0 1.2 0.8

HP1BP3 1.0 0.6 0.6 0.9 0.7

FANCI 1.0 3.0 3.4 4.2 4.6

Eg5/KIF11 1.0 2.2 2.1 1.9 1.7

KIF14 1.0 2.3 2.3 2.6 2.5

KIF15 1.0 1.6 2.0 1.6 1.7

KIF18A 1.0 2.7 2.8 1.7 1.9

KIF20A 1.0 1.0 1.4 1.5 1.1

KIF23 1.0 2.6 2.8 3.1 3.0
(Continued )
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IMR90 cells. In contrast, overexpression of CCNB1, along 
with its associated kinase CDK1, other major mitotic 
kinases AURKA, BUBR1, PLK1, and TTK, the MAPs 
and kinesins PRC1, TPX2, KIF11, KIF23, were much 
increased in tetraploid than in diploid cell lines while non-
CINSARC protein EB1, CFL1, JNK1, and JNK2 steady 
state levels were similar (Figure 5C). On the contrary, 
CCNE1, a G1/S gene product was mainly overexpressed 

in diploid cells. We also noted a strong overexpression 
of TP53 in both diploid and tetraploid clones. This is 
consistent with the fact that TP53 is mutated in MFH152 
and MFH137 cell lines. Although stabilized, the mutant 
TP53 protein remains unable to promote CDKN1A 
expression, in these cells. In contrast to IMR90 fibroblast 
cells which have a low level of TP53 and high CDKN1A 
steady state level.

MFH152

Diploid Tetraploid

GeneSymbol IMR90 Cl 1 Cl 2 Cl 7 Cl 8

KIF2C 1.0 2.3 2.9 3.9 3.7

KIF4A 1.0 3.2 4.0 3.5 2.4

KIFC1 1.0 1.8 2.0 2.4 2.2

MAD2L1 1.0 2.0 2.2 1.4 1.2

MCM2 1.0 3.1 3.4 2.8 2.6

MCM7 1.0 2.7 2.7 3.0 3.0

MELK 1.0 3.1 3.7 3.2 3.2

NCAPH 1.0 4.6 3.5 4.2 4.8

NDE1 1.0 0.9 1.1 1.1 0.7

NEK2 1.0 2.6 3.2 2.8 2.3

NUF2 1.0 2.2 2.8 2.4 2.6

OIP5 1.0 3.9 4.4 3.5 2.8

PBK 1.0 2.4 2.9 3.3 3.1

PLK4 1.0 1.8 1.9 1.4 1.4

PRC1 1.0 2.0 2.1 2.2 1.9

PTTG1 1.0 6.4 7.5 7.3 5.1

RAD51AP1 1.0 3.4 3.7 3.3 3.6

RNASEH2A 1.0 2.9 4.5 3.1 3.0

RRM2 1.0 1.3 1.4 1.5 1.4

SGOL2 1.0 3.0 2.9 2.8 2.8

SMC2 1.0 2.0 2.0 1.9 2.1

SPAG5 1.0 1.9 2.0 1.4 1.5

SPC25 1.0 3.0 2.6 2.6 2.2

TOP2A 1.0 1.4 1.6 1.0 0.9

TPX2 1.0 4.2 4.5 4.0 3.5

TRIO 1.0 2.2 1.6 2.0 1.8

TRIP13 1.0 1.7 1.7 1.4 1.7

TTK 1.0 2.7 3.0 3.3 3.2

UBE2C 1.0 3.0 3.7 3.1 3.0

ZWINT 1.0 3.4 3.0 3.3 3.3
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The differences in the steady state level of mitotic 
proteins, in diploid and tetraploid clones, unlikely results 
of cell cycle difference since diploid and tetraploid cells 
mitotic index are similar.

Interestingly, at the cellular level, we also found that 
kinesin KIF11 is more overexpressed in the cytoplasm of 
interphase tetraploid than in diploid MFH152 subclones 
(Figure 5D). Similarly, the interphase AURKA kinase 
centrosomal staining is more prominent in tetraploid than 
diploid cells (not shown), but more strikingly AURKA 
strongly stained the midzone and midbody region of 
mitotic tetraploid cells only (Figure 5E). Such a staining 
is similar to the one expected for Aurora B kinase and 
suggest that APC mediated proteolysis of AURKA may 
be partially defective in tetraploid clones.

Misexpression and overexpression of microtubule 
binding proteins together with regulatory kinases can 
result in profound microtubule and actin cytoskeleton 
rearrangements. Since actin and microtubule networks 
regulate the migratory capacities of cells, we asked 
whether overexpression of mitotic gene products confers 
to CINSARC positive cells their increased motility 
potential.

Reversine and SP600125 inhibit sarcoma cell 
migration

To address this question, we developed a screen 
using 22 mitosis and cytoskeleton inhibitors at 3 different 
doses (0.1; 1 and 10 uM) for 24 hours (Supplementary 
Table 1). The initial screen was based on our assay of 
inhibition of cell migration using cell seeding stoppers. 
The first readout was the consequence of these treatments 
on cell death and the second was on cell migration. 
Cytotoxic effect inducing cell death was assessed by the 
ratio of counted nuclei (inside + outside migration zone) 
in the treated versus non-treated cells. We did not consider 
further, drugs that display a cytotoxic effect higher than 
30% (Supplementary Table 2). Following the first round 
of analyses several drugs, with a too high cytotoxic effect, 
such as the PLK1 and CDK1 inhibitors, the CENPE and 
KIF11 kinesin inhibitors, the proteasome inhibitors and 
the cytoskeleton poisons were eliminated.

We then narrowed the screen to the drugs that 
passed the cytotoxicity test. We further tested the efficacy 
of these drugs at their non-toxic concentration to inhibit 
cell motility in chosen diploid and tetraploid MH152 
subclones. We used the cell migration assay we developed, 
and counted the number of cells entering the migration 
zone. Table 2 summarizes the results, we obtained. We 
decided to consider 40% of migration inhibition, as a 
cut off, to consider the drug efficient in inhibiting the 
cell motility. Most of the kinesins, mitotic kinases and 
phosphatase inhibitors that proved to be very toxic at 
high doses, were only used at low concentrations with 
no noticeable effects on cell migration capacity (GSK 

923295, Dimethylenastron, ZM 447439, RO3306, CDKi, 
Roscovitin, CDC25).

Finally only the two drugs, Reversine and 
SP600125, met the criteria of conjugating low toxicity 
with significant inhibition of diploid and tetraploid 
sarcoma cells migration. These drugs target major mitotic 
kinases. Specificity of Reversine is best toward TTK (IC50 
6 nM) and good toward AURKB (IC50 of 98.5 nM) while 
SP600125 inhibits AURKA and AURKB (IC50 60nM and 
190nM) but also JNK (IC50 100-200nM) and TTK (IC50 
1,9 μM).

We focused our study on these promising two 
molecules, in order to better characterize their efficacy 
toward inhibition of migration. Assays were enlarged 
to 3 diploid sub-clones and 3 tetraploid sub-clones. We 
first and again evaluated the toxicity of the drugs using 
cytofluorometry-based assays. Measures of the cell death–
associated parameters, vital dye propidium iodide (PI) 
and mitochondrial membrane potential (Δψm)-sensing 
dye DiOC6 [16]) confirmed the non toxic effect of both 
molecules at 24h on all sub-clones (Figure 6A). We next 
repeated the two-dimensional cell migration assays.

Both Reversine and SP600125 inhibited the 
migration of all sub-clones. Strikingly, the residual 
migration of the highly motile tetraploid subclones was 
similar to the diploid clones. These results show that 
tetraploid cells, that overexpress CINSARC mitotic gene 
products, were more sensitive to Reversine and SP600125 
treatments (Figure 6B).

Next, to further study the effect of reversine and 
SP600125 on cell invasion, we used 3D MultiCellular 
Tumor Spheroid Assay (MCTS) that mimics several 
features of tumor microenvironment and privilege cell-
cell adhesion over cell/extracellular matrix interactions 
[33]. Diploid cells efficiently formed regularly shaped 
spheroid after 24 hours culture. In contrast, even after 
48-72 hours of culture, tetraploid cells only formed 
small cell clumps that broke easily and did not properly 
aggregate (data not shown), behaving as a number of 
tumor cell lines described in an extensive survey [33].

Since tetraploid MFH152 cells were unable to form 
spheroids, we concentrated on diploid MFH152 and initiated 
the 3D tumor invasion assay by transferring the spheroids 
in collagen-based medium and at low serum concentration 
(0.1%), in order to minimize cell proliferation. Using time-
lapse imaging, we observed a remarkable induction of 
cell migration from the tight untreated MFH152 diploid 
spheroids embedded in the collagen matrix. Indeed, the 
spheroid volume rapidly expanded in collagen matrix, as 
invading cells that induced matrix proteolysis/degradation 
colonize the newly emptied space (Figure 7A and 
Supplementary Video 6). In contrast, when spheroids were 
incubated in collagen-based medium containing either 
reversine or SP600125, a complete inhibition of invasion 
was observed (Figure 7A and Supplementary Video 7-8) 
and quantified (Figure 7B).
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This drug-mediated inhibition of invasion cannot 
be attributed to mitotic arrest since we did not observe 
any spheroids shape changes/expansion following drug 
treatment, even at very early time points (Supplementary 
Videos 6-8).

The combination of several CINSARC mitotic 
gene products is likely required to upregulate 
tetraploid sarcoma cells migration

Reversine and SP600125 target several major 
kinases. In order to identify whether one of these kinases 
could specifically regulate sarcoma cells migration. We 
focused on AURKA, AURKB and TTK kinases that 
are targeted by reversine and SP600125 and also chose 
KIF11 that strongly stains the lamellipodia of interphase 
tetraploid cells (Figure 5D). We used siRNAs directed 
against AURKA, AURKB, TTK and KIF11 and highly 
specific drugs commercially available (Supplementary 
Table 2). MLN8237 (Alisertib), a selective AURKA 
inhibitor (IC50 of 1.2nM in cell free assay, with >200 fold 
higher selectivity for AURKA than AURKB); AZD1152-
HQPA (Baraserib) that is highly selective against AURKB 
(IC 0.37nM is cell free assay, with >3700 fold more 
selective for AURKB than AURKA); SB743921, a KIF11 

inhibitor (Ki of 0.1 nM, with almost no affinity to other 
kinesins); Mps-BAY2a, a TTK inhibitor (IC50 of 1nM).

Consequences of siRNAs and drug treatments 
on cell migration potential were tested with the cell 
seeding stoppers assay (Oris TM). Almost complete 
protein depletion was observed with 5nM siRNA 
treatment, none of the siRNAs displayed a cytoxic effect 
higher than 30% when used at 100nM (Supplementary 
Figure 4A). However, when tested at 5 and 100nM, 
none of the siRNA treatment induced significant effect 
on either diploid or tetraploid cell migration capacity 
(Supplementary Figure 4B).

To confirm these results, we used the specific 
inhibitors described above. First, diploid (clone 1) and 
tetraploid cells (Cl7) were exposed for 24 hours to a range 
of drug concentration to determine by flow cytometry 
their cell cycle profile (Supplementary Figure 5A-5B). 
Deregulation of AURKA kinase induces centrosomal 
abnormalities, defective chromosome segregation 
followed by aneuploidy and/or cell death. MLN8237 
(AURKAi) inhibits AURKA at low nanomolar range 
(10nM). But, as reported [34], MLN8237 concentration 
above 100nM induced AURKB inhibition dependent 
cell polyploidization. KIF11 is required for bipolar 
spindle assembly and KIF11 defects result in monopolar 

Table 2: Migration inhibition ratio for MFH152 diploid and tetraploid clones upon incubation with three doses of the 
indicated drugs

Migration inhibition

Cell counts

0.1 μM 1 μM 10 μM

Diploid Tetraploid Diploid Tetraploid Diploid Tetraploid

1 AZ 3146 0.00 0.00 0.12 0.00 N.R. 0.25

2 Reversine 0.04 0.00 0.08 0.00 0.40 0.47

3 SP600125 0.00 0.00 0.12 0.00 0.44 0.47

4 ZM 447439 0.00 0.10 N.R. 0.01 N.R. N.R.

5 Dimethylenastron 0.00 0.03 N.R. N.R. N.R. N.R.

6 GSK 923295 0.00 0.05 N.R. N.R. N.R. N.R.

7 SB203508 0.00 0.03 0.00 0.01 0.01 0.12

8 RO 3306 0.18 0.00 0.01 0.00 N.R N.R

9 Cdk1 Inhibitor III 0.00 0.05 0.00 0.00 N.R N.R

10 Roscovitine 0.00 0.13 0.00 N.R N.R N.R

11 NSC 95397 0.12 0.08 0.15 0.11 N.R N.R

12 IPA3 0.00 0.00 0.00 0.00 0.23 0.02

13 Y-27632 0.00 0.01 0.04 0.09 0.04 0.12

14 ITX-3 0.08 0.01 0.00 0.01 0.09 0.11

15 Blebbistatin 0.06 0.06 0.06 0.00 0.00 0.00

Green labeling indicates a migration inhibition ratio above 0.40.
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Figure 6: Reversine and SP600125 inhibit cell migration. (A) Toxicity induced in diploid and tetraploid subclones following 24h 
treatment with either reversine or SP600125 was assessed by flow cytometry upon co-staining with the cell death–associated parameters 
dyes, propidium iodide (PI) and DiOC6 [72] (means ± SEM; n = 3). (B) Three diploid (Cl 1-3) and three tetraploid (Cl 6-8) MFH152 were 
plated using the Oris™ cell migration assay. Cells were grown with or without Reversine or SP600125 at 10 μM for 24h, fixed and stained 
with DAPI to measure their migratory potential. Quantitative data shows the percentage of cells (DAPI staining) inside the migration 
zone (means ± SEM; n = 3). *(p<0.05), **(p<0.01),***(p<0.001) indicates significant difference from the absence of both Reversine or 
SP600125 treatment while ### (p<0.001) indicates significant difference of the migration inhibition between all tetraploid clones taken one 
by one vs all diploid clones taken one by one (ANOVA test).

Figure 7: Reversine and SP600125 inhibit diploid MFH152 clone invasion in 3D. (A) and (B) A diploid MFH152 clone was 
used to generate spheroids. Spheroids were transferred in collagen matrix (Panel A, 0 h) to allow invasion. Drug dilution buffer (Control) 
or Reversine or SP600125 were added to the collagen matrix and spheroids were imaged using time-lapse microscopy for up to 24 h to 
evaluate the drug effects on invasion. Panel (A) displays the fate of a single spheroid in the control and treatment conditions, at 0, 6, 12, 
18 h while quantitative data of invasion are represented in panel (B).
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spindle formation and mitotic arrest [35], a phenotype 
we observed with SB743921 concentrations, as low as 
10nM. Cytokinesis defect and polyploidization resulting 
from AURKB dysregulation [36] was induced by 20nM 
AZD1152-HQPA treatment. We previously reported that 
Mps-BAY2a mediated TTK inhibition prevents SAC 
activation and ultimately results in aneuploidization/
polyploidization [37]. Here, cell cycle perturbations 
were induced with Mps-BAY2a concentration as low as 
100nM.

Cell cytotoxicity remained below 30% both for 
diploid and tetraploid clones using these defined low but 
effective inhibitor concentrations (Supplementary Figure 
5C-5F). Nevertheless, when used at similar concentrations, 
none of these drugs had a significant inhibitory effect on 
either diploid or tetraploid cell motility (Supplementary 
Figure 5G-5H).

In summary, interference with chosen single mitotic 
gene products is not sufficient to inhibit cell migratory 
activity. We suggest that it is the combination of several 
deregulated mitotic gene products of CINSARC signature 
that is responsible for the increased migratory capacity 
of tetraploid clones. Inhibition of cell invasiveness and 
motility mediated by SP60025 and reversine that have 
broader effects on several mitotic gene products further 
support this hypothesis.

DISCUSSION

Mitosis is a highly regulated process that leads, 
in most cells, to the equal partitioning of chromosomes 
and cytoplasmic material in the two daughter cells. 
In normal tissues, protective mechanisms insure that 
tetraploidization does not happen [1, 19, 38] and if 
an accident occurs the resulting tetraploid cells are 
rapidly eliminated [39, 40]. Nonetheless, cycling 
tetraploid cells with supernumerary centrosomes and 
aberrant mitoses are observed at very early stages of 
tumorigenesis [10, 41–43] and surviving tetraploid 
cells were proposed to trigger chromosome instability 
(CIN) and aneuploidy in absence of TP53-mediated 
G1 checkpoint [12, 18, 24, 44, 45]. Indeed, tetraploidy 
associates with increased DNA damage, abnormal 
bipolar/multipolar mitoses, chromosome breaks and/or 
missegregration [10, 12, 20, 46, 47].

But, in contrast to functions in tumorigenesis, 
few data exist concerning a potential involvement of 
tetraploidization in the promotion of cell migration and/
or invasion [18].

In tumors, cells that become invasive must detach 
from other cells and degrade the extracellular matrix 
through which they will migrate. Invasive behavior 
requires profound changes of cell shape, adhesion and 
mechanical properties that depend upon dynamic changes 
of actin, microtubule but also intermediate filament 
networks [48–51].

In this study, we showed that cell lines derived 
from CINSARC positive soft tissue sarcoma have, as 
expected, highly motile profiles and enhanced capacities 
to migrate compared to non-transformed fibroblasts. 
Because of the heterogeneity of the cell lines derived 
from these tumors, we isolated cellular clones that proved 
to be aneuploid, for most. We were, however, capable 
to isolate and grow diploid and tetraploid clones that 
remain stable over a three months period. Unexpectedly, 
the motile and invasive behavior of tetraploid clones was 
greatly enhanced compared to diploid cell clones. RNA 
sequencing indicated that they likely share the same origin 
and kept the CINSARC signature with similar levels of 
deregulated mitotic gene transcripts. Nonetheless, the 
overexpression of candidate mitotic gene products, 
i.e. proteins, was greatly enhanced in the tetraploid 
population. Since mitotic indexes were similar in diploid 
and tetraploid cells, we assume that tetraploid dependent 
increased steady state level of mitotic proteins depends 
upon a regulation that is beyond the transcriptional level, 
and acquired with tetraploidization. Degradation of 
many mitotic proteins occurs at the end of mitosis and is 
required either to exit mitosis or to prevent inappropriate 
functioning in interphase [30, 52–58]. Although, we do 
not know how mitotic proteins are stabilized in tetraploids 
[59], it is tempting to speculate that ubiquitin-mediated 
proteasome degradation of proteins at the end of mitosis 
could be partly defective. Indeed, we observed by 
immunofluorescence that a number of mitotic proteins, 
such as KIF11, KIF23 and PLK1 were overexpressed in 
interphase in sarcoma cell lines (data not shown). KIF11 
kinesin, which is overexpressed in tetraploid sarcoma 
cells, was shown to be involved in regulation of cell 
migration [16, 60]. In addition, AURKA accumulation, 
at the midzone and midbody region, in late mitosis of 
tetraploid sarcoma cells also indicates that its Apc/C-cdh1 
mediated proteolysis is deficient in these cells. While 
AURKA degradation is important for the organization 
of the spindle during anaphase [61] [62], a link was 
also proposed between stabilization of AURKA and 
tumorigenesis [63].

Overexpression of mitotic gene products after the 
completion of mitosis would also be consistent with the 
fact that invading cancer cells are mostly in G0/G1 [64].

We identified that inhibitors targeting the major 
mitotic kinases AURKA/B and TTK inhibited cell 
migration of diploid and tetraploid sarcoma cell subclones 
and invasion from diploid spheroids. Thus, misexpression 
of these mitotic kinases regulates the motile behavior of 
sarcoma cells. However, using highly specific drugs and 
targeted siRNA approaches, we failed to pinpoint novel 
functions of a specific mitotic gene product in upregulating 
motility.

This further suggests that it is a combination of 
several deregulated mitotic gene products that participate 
to the cytoskeleton remodeling responsible for the 
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increased migratory capacity observed in tetraploid clones. 
Inhibition of cell invasiveness and motility mediated by 
SP60025 and reversine that affect several mitotic gene 
products further support this hypothesis.

In the future, it will be of interest to study the 
motile behavior of TP53-/- tetraploids derived from non-
CINSARC diploid cells together with the diploid parental 
cells. This will allow to address whether tetraploidization 
by itself can promote increased cell motility and 
eventually whether such a phenotype will be linked to the 
stabilization of mitotic gene products.

Deregulation of many mitotic gene product observed 
in CINSARC signature correlates with high metastatic 
potential [8]. We show that the significance of CINSARC 
signature, over motile and invading cell behavior, derives 
from over/misexpression of mitotic kinesins and kinases. 
Our study further highlights novel functions of mitotic 
proteins in regulation of cell motility [28–31]. Validation 
of CINSARC signature in different tumor types [8, 65] 
increases its importance for prognosis and potential 
targeted therapies. In this context, it would be of interest 
to focus on the understanding of the origin of deregulation 
of so many mitotic gene transcripts. In that regard, an 
interesting candidate will be the FoxM1 transcription 
factor that regulates, as a bulk, most kinetochores genes 
[66] and which is highly expressed in sarcoma [67].

MATERIALS AND METHODS
Cell lines and culture conditions

MFH137 and MFH152 cell lines derive from two 
distinct tumors of mesenchymal origin that were initially 
characterized as malignant fibrous histiocytoma (MFH) 
and were subsequently reclassified as undifferentiated 
pleomorphic sarcoma (UPS). Isolation of MFH137 
cell line was previously described [68]. Briefly, sterile 
fragment from resected tumor was minced in culture 
medium and then disaggregated by overnight incubation 
in collagenase (100 units/mL) at 37°C. Long-term 
culture (more than 70 passages were done) and standard 
harvesting procedures were used. We followed the same 
procedure to isolate the MFH152 cell line. The consistency 
between the cell lines and the original tumors was done by 
comparison of the genomic profiles.

IMR90 human fibroblast cell line was a gift of Dr. 
DA Skoufias (IBS, Grenoble). All cell lines were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% foetal calf serum and antibiotics.

Reagents and antibodies

The drugs used for screening in this study are listed 
in Supplementary Table 1.

Reversine, SP600125, ZM 447439, BI 2536, STLC, 
Dimethylenastron, SB203508, RO 3306, Cdk1 Inhibitor 
III, Roscovitine, NSC 95397, IPA3, Y-27632, ITX-3, 

Nocodazole, Paclitaxel, Blebbistatin, Cytochalasin B, 
MG 132 and Velcade were purchased from Sigma–
Aldrich (St. Louis, MO, USA). AZ 3146 and Mps-BAY2a 
were obtained from Tocris (Bristol, United Kingdom). 
MLN8237 (Alisertib), AZD1152-HQPA (Baraserib) 
and SB743921 were purchased from Selleckchem. 
GSK923295 is from MedChem express.

Monoclonal antibodies against α-tubulin, CDK1, 
AURKA, PLK1, KIF11 (Sigma-Aldrich); CCNB1, 
CCNE1, TP53, CDKN1A, JNK1, JNK2 (Cell signaling); 
EB1, COFILIN (Santa Cruz), TTK, BUBR1 (Abcam). 
Polyclonal antibodies against PRC1 (Santa Cruz), Tpx2 
[69]; Kif23 [70] were used.

Migration assays

For wound-healing assay, scratches were performed, 
with sterile 1000 μl tips, on confluent cell monolayers and 
monitored every hour by time-lapse microscopy. The two 
dimensional Oris cell migration assays were performed 
according to the manufacturer’s instructions (Platypus 
Technologies, Madison, USA). Briefly, cells were seeded 
(2 × 104 cells per well) into 96-well plates with “silicone 
stopper” and grown overnight. Then stoppers were 
removed and cells were incubated for an additional 24h 
to allow their migration into the empty zone. Cells were 
fixed with 4% PFA in PBS, stained with DAPI (for DNA 
detection) and FITC-phalloidin (for actin staining). Data 
acquisitions were performed using Cellomics Arrayscan 
(Arrayscan VTI Live; Carl Zeiss, Inc). The number of cells 
in the migration zone and the total number of cells outside 
and inside the migration zone (same area for both zones) 
were counted, by thresholding the DAPI stained nuclei, 
using image J software. The ratio between these two 
numbers was used as the percentage of migrating cells. 
For individual cell migration (Figure 1), cells were plated 
on glass coverslip coated with fibronectin on linear tracks 
of different widths (CYTOOTMChips Motility, CYTOO). 
Cells were seeded at low concentration (approximately 20 
cells per mm2), to avoid cell-cell contacts that would affect 
analyses. For individual cell migration (Figure 4C–4D), 
cells were plated on 6 well plates at very low density 
(30000 cells per well). Cells were monitored by time-lapse 
microscopy. Image acquisitions were performed every 15 
or 30 min (Figure 1D/Figure 4C–4D) for 24h using a Leica 
DMIRE2 inverted cell microscope equipped with a LMC 
20 × 0.4 lens (Leica, Wetzlar, Germany). Time lapse were 
analyzed using ImageJ software (freely available from the 
National Institute of Health, http://rsb.info.nih.gov/ij/).

Invasion assays

3D invasion assays (Figure 1E–1F) were performed 
in 96-well plates (PerkinElmer) coated with 0.2% BSA 
(Sigma-Aldrich) and 104 red fluorescent polystyrene 
microspheres (FluoSpheres; Invitrogen). In brief, cells 
were suspended in 2.3 mg/ml serum-free liquid bovine 
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collagen at 105 cells/ml. 100 µl aliquots were dispensed 
into the plates. Plates were centrifuged at 1,000 rpm and 
further incubated at 37°C. Once collagen had polymerized, 
serum was added on top of the collagen to a final 
concentration of 5% (final volume of 30 µl). After 24 h, 
cells were fixed with 4% PFA and stained with Hoechst 
33342 (Invitrogen). Images were acquired from each 
well at 50 and 0 µm from the bottom of the well using a 
Cellomics Arrayscan. The invasion index was calculated 
as the ratio of the cell number at 50 µm versus 0 µm.

Invasion experiments (Figure 4E) were performed 
with the xCELLigence RTCA DP instrument (Ozyme, 
France) according to the manufacturer’s guidelines. 
24 hours prior experiment, cells were deprived of 
fœtal calf serum. A layer of Matrigel (300µg/ml, BD 
Biosciences) was applied on the CIM-Plate 16 upper 
chamber membranes as described [71]. Subsequently, 
the coated upper chambers were incubated at 37°C to 
homogenously gelify during a minimum of four hours, 
followed by addition of 160 µL media to the lower and 
30 µL serum free media to the upper chambers. 20 000 
cells were seeded in every well of the upper chambers. 
Cell Index (CI) of each well was automatically monitored 
with the xCELLigence system every hour during a 24 hour 
period. Each condition was performed in quadruplicate. 
Cell Index Invasion represents the ratio of Cell Index of 
Matrigel-coated wells (invasion) to Cell Index of uncoated 
wells (migration) at specific time points.

In 3D MultiCellular Tumor Spheroids assay MCTS, 
spheroid formation was performed by incubating the cells 
(1000) in presence of 2.4% methylcellulose in U-shaped 
bottom wells of 96-wells plate. After 24hours, formation 
of multicellular spheroids was observed for diploid 
clones. Then, using 100 µl pipet tips diploid spheroids 
were transferred to wells of 96-wells plate and embedded 
into a collagen matrix for the invasion assay (Invasion 
matrix contains collagen (PureCol, Sigma) mixed with 
culture medium at 0.1% FCS with/without drugs). 
Spheroids behavior was monitored every hour by time-
lapse microscopy. Z stack images that spanned the entire 
size of the spheroids were acquired at every time point. 
Relative cell invasion/expansion was quantified using 
ImageJ software. The area colonized by cells, away from 
the spheroids, was measured in several microscopic slices 
in the middle of the spheres and compared to the original 
spheroid diameter. The largest surface was arbitrarily 
chosen as the representative value of invasive potential 
for the specific condition.

Measures of cell cycle length and mitosis 
duration

Cells were seeded on glass coverslip coated with 
adhesive discs of fibronectin (CYTOOchipsTM Motility, 
CYTOO, France) and imaged every 15 minute for 72h 
with a Leica DMIRE2 inverted microscope with a LMC 
20 × 0.4 lens and appropriate filters (Leica, Wetzlar, 

Germany). Images were analyzed with Image J software. 
Cell cycle length was estimated by measuring the time 
interval between the rounding of the same cell at mitotic 
entry. Length of mitosis was measured, as the time 
interval between cell rounding (mitotic entry) and start of 
spreading after mitotic exit.

Cytofluorometric studies

- For the assessment of cell cycle distribution, cells 
were collected, washed once with 0.1% (w/v) D-glucose 
(Sigma-Aldrich) in PBS and then fixed by gentle vortexing 
in ice-cold 75% (v/v) ethanol for 30 sec. After overnight 
incubation at -20°C, samples were centrifuged, PBS 
washed and stained with 50 μg/mL PI in 0.1% (w/v) 
D-glucose in PBS supplemented with 1 μg/mL (w/v) 
RNase A (Sigma-Aldrich) for 30 min at 37°C. Afterwards, 
samples were incubated for at least 2 h at 4°C before 
cytofluorometric analysis.

- Flow cytometry acquisition and analyses 
to determine the plasma membrane integrity and 
mitochondrial transmembrane potential (Δψm) were 
performed as described previously [72]. Briefly, cells were 
collected and stained with 1 μg/ mL propidium iodide 
(PI), which only incorporates into dead cells, and 40 nM 
3,3’-dihexyloxacarbocyanine iodide (DiOC6(3), a Δψm-
sensitive dye for 30 min at 37°C before FACs acquisition.

- Cytofluorometric sorting of diploid and tetraploid 
cells was performed with a FACSAria cell sorter and the 
gating of small and big cell was based on the size and 
granularity parameters using the normal light scattering 
parameters Forward Scatter (FSC) vs Side Scatter (SSC). 
Single cells, sorted from mother cell line, were seeded 
in 96-well plates. 1000 “small” plus 1000 “big” cells for 
each MFH152 and MFH137 cell lines were sorted. After 
15 days, surviving clones were cultured in 6-well plates. 
We succeeded to isolate stable tetraploid clones (3 from 
MFH137 and 5 from MFH152) and stable diploid clones 
(more than 20 for each cell line) for up to 3 month. The 
majority of surviving clones were aneuploid.

- To measure histone H3 phosphorylation on serine 
10, cells were fixed with 75% (v/v) ethanol in PBS, 
permeabilized with 0.25% (v/v) Tween 20 in PBS and 
stained with a rabbit antiserum specific for phosphorylated 
histone H3 (rabbit polyclonal IgG1 #06–570, Millipore-
Chemicon International), as previously described [73]. 
Cytofluorometric acquisitions were performed by means 
of a FACSCalibur (BD Biosciences).

Measures of spindle assembly checkpoint 
robustness

A range of concentration of microtubule dynamic 
interfering drugs nocodazole and taxol was first assayed on 
sarcoma cells. Mitotic arrest, indicative of activation of the 
spindle assembly checkpoint, was quantified by counting 
the fraction of round cells in the total cell population, 
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following 16 hours drug exposure using optimized drug 
concentration (200nM nocodazole and 100nM taxol). To 
evaluate SAC robustness, diploid (Cl1, Cl2), tetraploid 
(cl7, cl8) and MFH152 cells were seeded on six well 
plates, 200nM nocodazole was added after 2 hours after 
cell adhesion. Cells were imaged every hour for 64h with 
a Leica DMIRE2 inverted microscope with a LMC 20 × 
0.4 lens and appropriate filters (Leica, Wetzlar, Germany). 
All mitotic cells at 16 hours were assigned a 100% for 
every condition. The loss of spindle assembly checkpoint, 
characterized by mitotic exit of these cells was determined 
at 28, 40, 52 and 63hours in presence of the drugs. Images 
were analysed with Image J software.

Chromosome spreads

Cells were treated with 100nM nocodazole for 16h 
to enrich the percentage of mitotic cells, then collected and 
subjected to hypotonic lysis by incubation in 75mM KCl 
for 10 min at 37°C. After removal of hypotonic solution, 
cells were fixed in freshly prepared Carnoy solution (3/1 
methanol/acetic acid) and stored at -20°C. Fixed cells 
were dropped onto pre-cooled glass microscope slides and 
dried at room temperature. Chromosomes were stained 
with 100ng/ml DAPI (Molecular Probes–Invitrogen) and 
mounted in Vectashield H-1000 mounting medium (Vector 
Laboratories, Burlingame, CA, USA). Fluorescent images 
were acquired using a Zeiss AxioimagerZ1 motorized 
microscope (Zeiss, Oberkochen, Germany) driven by 
MetaMorph (Molecular Devices).

Immunofluorescence microscopy

Immunofluorescence was performed as described 
[69]. Briefly, cells were either fixed in methanol for 
5min at −20°C or in 4% PFA (in PBS with 0.2% Triton 
X-100), immunostained with indicated primary antibodies 
Secondary antibodies conjugated to Alexa fluorochromes 
(Thermo Fisher Scientific-Invitrogen) were used. F-actin 
and DNA were, respectively, stained with phalloidin-
Atto647 and DAPI (Sigma-Aldrich). For analyses of mitotic 
parental cells, cells were seeded on L shape CYTOOchipsTM, 
as recommended by the manufacturer. Confocal microscopy 
was performed using a Leica SP8-UV microscope equipped 
with Leica 63x HCX PL APO 1.4 oil CS2 objective. For 
quantitative comparison, fluorescent staining of respectively 
KIF11 or AURKA were acquired using same laser power 
and conditions. Stack images were acquired and maximum 
intensity projection (MIP) of images (keeping same number 
of grey levels between images) were analyzed with Image 
J software.

RNA sequencing

Total RNA from IMR90 and from two diploid and 
two tetraploid MFH152 subclones were prepared with 

a TRIzol® Plus RNA Purification Kit (Thermofisher) 
according to the manufacturer’s instructions. The 
library from total RNA was prepared using the 
TruSeq®Stranded Total Sample Preparation kit 
(Illumina Inc.) according to manufacturer’s protocol. 
Briefly, 0.5 µg of total RNA was ribo-depleted using 
the Ribo-Zero Gold Kit. RNA fragmentation resulted in 
fragments of 80-450nt, with the major peak at 160nt. 
First strand cDNA synthesis by random hexamers and 
reverse transcriptase was followed by second strand 
cDNA synthesis, performed in the presence of dUTP 
instead of dTTP. The blunt-ended double stranded cDNA 
was 3´adenylated and Illumina indexed adapters were 
ligated. The resulting library was enriched with 15 PCR 
cycles. The libraries were sequenced on HiSeq2000 
(Illumina, Inc) in paired-end mode with a read length 
of 2x76bp using TruSeq SBS Kit v3-HS. Primary data 
analysis was carried out with the standard Illumina 
software Real Time Analysis (RTA 1.13.48) and 
followed by generation of FASTQ files.

RNA seq data analyses and clustering

We estimated general read quality using FastQC 
(v0.10.1), trimmed low-quality 5’ and 3’ ends (Phred 
score <20) using Sickle (v1.2), merged overlapping reads 
(at least 10 bp) using SeqPrep (v1.1) and split merged 
reads with an Awk routine. Finally, paired-ends with one 
read shorter than 30 bp were discarded. Transcriptomic 
(coding RefSeq (Pruitt, 2012 #106) genes from Hg19 
UCSC Table Browser [74] fixed on 2014/01) alignments 
were performed by TopHat2 (v2.0.1) [75]. Once aligned, 
we removed paired-end reads that mapped at multiple 
locations on transcriptome, low-quality (score <20) and 
discordant paired-end reads using SAMtools (v0.1.19) 
[76]. MarkDuplicates (PicardTools v1.99) removed PCR 
duplicates and Cufflinks (v2.1.1) [77] estimated gene and 
transcript abundances. Miscellaneous filters, statistics and 
plots were performed by R (v.3.1.1).

Clustering results of IMR90 together with 
MFH152 diploid clones 1 and 2 together and tetraploid 
clones 7 and 8. “Height” represents euclidean 
distances computed with Ward’s method between 
whole transcriptomic profiles (in log2[FPKM]+1 
unit). The more height, the more distances between 
profiles. “Agglomerative coefficient”, ranging from 0 
to 1, represents the strength of clustering structure. The 
highest value, the less number of different clusters.

Statistical procedures

Data are expressed as arithmetic means ± SEM. 
As indicated in the figure legends, statistical analysis 
was made with Graph pad Prism using ANOVA with 
Tukey’s test as post-test. n denotes the number of different 
experiments or counted cell.



Oncotarget16686www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS AND FUNDING

We thank Virginie Georget and Julien Bellis for 
help with Cellomics Arrayscan and data quantification. 
Cédric Hassen-Khodja for help with HEAT MAP. All 
imaging was performed at the Montpellier RIO Imaging 
facility (MRI), Montpellier. The live imaging reported in 
this paper was performed within the France- BioImaging 
national research infrastructure, at MRI, Montpellier. 
France-BioImaging is supported by the French National 
Research Agency through the ‘‘Investments for the 
Future’’ program (ANR-10-INSB-04). MJ was a recipient 
from a post-doctoral fellowship from la Ligue Nationale 
contre le Cancer and GL was funded by an engineer grant 
from the “Fondation de la Recherche Médicale”. Salary to 
AA and NM is provided by “Institut National de la Santé 
et de la Recherche Médicale” (INSERM). This project was 
funded by grants from the “Association pour la Recherche 
contre le Cancer”, “la ligue régionale de l’Hérault” and “la 
Fondation de France”. We thank D. Fesquet, J. Espeut, K. 
Hached for critical discussions and comments.

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

REFERENCES

1. Andreassen PR, Lohez OD, Lacroix FB and Margolis 
RL. Tetraploid state induces p53-dependent arrest of 
nontransformed mammalian cells in G1. Mol Biol Cell. 
2001; 12:1315-1328.

2. Clark MA, Fisher C, Judson I and Thomas JM. Soft-tissue 
sarcomas in adults. N Engl J Med. 2005; 353:701-711.

3. Borden EC, Baker LH, Bell RS, Bramwell V, Demetri 
GD, Eisenberg BL, Fletcher CD, Fletcher JA, Ladanyi M, 
Meltzer P, O’Sullivan B, Parkinson DR, Pisters PW, et al. 
Soft tissue sarcomas of adults: state of the translational 
science. Clin Cancer Res. 2003; 9:1941-1956.

4. Helman LJ and Meltzer P. Mechanisms of sarcoma 
development. Nat Rev Cancer. 2003; 3:685-694.

5. Schoffski P, Cornillie J, Wozniak A, Li H and Hompes 
D. Soft tissue sarcoma: an update on systemic treatment 
options for patients with advanced disease. Oncol Res Treat. 
2014; 37:355-362.

6. Taylor BS, Barretina J, Maki RG, Antonescu CR, Singer S 
and Ladanyi M. Advances in sarcoma genomics and new 
therapeutic targets. Nat Rev Cancer. 2011; 11:541-557.

7. Dodd RD, Mito JK and Kirsch DG. Animal models of soft-
tissue sarcoma. Dis Model Mech. 2010; 3:557-566.

8. Chibon F, Lagarde P, Salas S, Perot G, Brouste V, Tirode 
F, Lucchesi C, de Reynies A, Kauffmann A, Bui B, Terrier 
P, Bonvalot S, Le Cesne A, et al. Validated prediction of 
clinical outcome in sarcomas and multiple types of cancer 

on the basis of a gene expression signature related to 
genome complexity. Nat Med. 2010; 16:781-787.

9. Neuville A, Chibon F and Coindre JM. Grading of soft 
tissue sarcomas: from histological to molecular assessment. 
Pathology. 2014; 46:113-120.

10. Galipeau PC, Cowan DS, Sanchez CA, Barrett MT, 
Emond MJ, Levine DS, Rabinovitch PS and Reid BJ. 17p 
(p53) allelic losses, 4N (G2/tetraploid) populations, and 
progression to aneuploidy in Barrett’s esophagus. Proc Natl 
Acad Sci U S A. 1996; 93:7081-7084.

11. Meeker AK and Argani P. Telomere shortening occurs 
early during breast tumorigenesis: a cause of chromosome 
destabilization underlying malignant transformation? J 
Mammary Gland Biol Neoplasia. 2004; 9:285-296.

12. Davoli T and de Lange T. Telomere-driven tetraploidization 
occurs in human cells undergoing crisis and promotes 
transformation of mouse cells. Cancer Cell. 2012; 21:765-776.

13. Meraldi P, Honda R and Nigg EA. Aurora-A overexpression 
reveals tetraploidization as a major route to centrosome 
amplification in p53-/- cells. Embo J. 2002; 21:483-492.

14. Davoli T and de Lange T. The causes and consequences of 
polyploidy in normal development and cancer. Annu Rev 
Cell Dev Biol. 2011; 27:585-610.

15. Coelho PA, Bury L, Shahbazi MN, Liakath-Ali K, Tate 
PH, Wormald S, Hindley CJ, Huch M, Archer J, Skarnes 
WC, Zernicka-Goetz M and Glover DM. Over-expression 
of Plk4 induces centrosome amplification, loss of primary 
cilia and associated tissue hyperplasia in the mouse. Open 
Biol. 2015; 5:150209.

16. Castillo A, Morse HC, 3rd, Godfrey VL, Naeem R and Justice 
MJ. Overexpression of Eg5 causes genomic instability and 
tumor formation in mice. Cancer Res. 2007; 67:10138-10147.

17. Sotillo R, Hernando E, Diaz-Rodriguez E, Teruya-Feldstein 
J, Cordon-Cardo C, Lowe SW and Benezra R. Mad2 
overexpression promotes aneuploidy and tumorigenesis in 
mice. Cancer Cell. 2007; 11:9-23.

18. Fujiwara T, Bandi M, Nitta M, Ivanova EV, Bronson RT 
and Pellman D. Cytokinesis failure generating tetraploids 
promotes tumorigenesis in p53-null cells. Nature. 2005; 
437:1043-1047.

19. Steigemann P, Wurzenberger C, Schmitz MH, Held M, 
Guizetti J, Maar S and Gerlich DW. Aurora B-mediated 
abscission checkpoint protects against tetraploidization. 
Cell. 2009; 136:473-484.

20. Valente D, Bossi G, Moncada A, Tornincasa M, Indelicato 
S, Piscuoglio S, Karamitopoulou ED, Bartolazzi A, 
Pierantoni GM, Fusco A, Soddu S and Rinaldo C. HIPK2 
deficiency causes chromosomal instability by cytokinesis 
failure and increases tumorigenicity. Oncotarget. 2015; 
6:10320-10334. doi: 10.18632/oncotarget.3583.

21. Ganem NJ, Cornils H, Chiu SY, O’Rourke KP, Arnaud 
J, Yimlamai D, Thery M, Camargo FD and Pellman 
D. Cytokinesis failure triggers hippo tumor suppressor 
pathway activation. Cell. 2014; 158:833-848.



Oncotarget16687www.impactjournals.com/oncotarget

22. Margolis RL, Lohez OD and Andreassen PR. G1 tetraploidy 
checkpoint and the suppression of tumorigenesis. J Cell 
Biochem. 2003; 88:673-683.

23. Lehman NL, Verschuren EW, Hsu JY, Cherry AM and 
Jackson PK. Overexpression of the anaphase promoting 
complex/cyclosome inhibitor Emi1 leads to tetraploidy and 
genomic instability of p53-deficient cells. Cell Cycle. 2006; 
5:1569-1573.

24. Ganem NJ, Storchova Z and Pellman D. Tetraploidy, 
aneuploidy and cancer. Curr Opin Genet Dev. 2007; 
17:157-162.

25. Quintyne NJ, Reing JE, Hoffelder DR, Gollin SM and 
Saunders WS. Spindle multipolarity is prevented by 
centrosomal clustering. Science. 2005; 307:127-129.

26. Sabino D, Gogendeau D, Gambarotto D, Nano M, Pennetier 
C, Dingli F, Arras G, Loew D and Basto R. Moesin is a 
major regulator of centrosome behavior in epithelial cells 
with extra centrosomes. Curr Biol. 2015; 25:879-889.

27. Nano M and Basto R. The Janus soul of centrosomes: a 
paradoxical role in disease? Chromosome Res. 2016; 
24:127-144.

28. Chou CK, Wu CY, Chen JY, Ng MC, Wang HM, Chen JH, 
Yuan SS, Tsai EM, Chang JG and Chiu CC. BubR1 Acts as 
a Promoter in Cellular Motility of Human Oral Squamous 
Cancer Cells through Regulating MMP-2 and MMP-9. Int 
J Mol Sci. 2015; 16:15104-15117.

29. Wan J, Zhu F, Zasadil LM, Yu J, Wang L, Johnson A, 
Berthier E, Beebe DJ, Audhya A and Weaver BA. A Golgi-
localized pool of the mitotic checkpoint component Mad1 
controls integrin secretion and cell migration. Curr Biol. 
2014; 24:2687-2692.

30. Arsic N, Bendris N, Peter M, Begon-Pescia C, Rebouissou C, 
Gadea G, Bouquier N, Bibeau F, Lemmers B and Blanchard 
JM. A novel function for Cyclin A2: control of cell invasion 
via RhoA signaling. J Cell Biol. 2012; 196:147-162.

31. Wang LH, Xiang J, Yan M, Zhang Y, Zhao Y, Yue CF, 
Xu J, Zheng FM, Chen JN, Kang Z, Chen TS, Xing 
D and Liu Q. The mitotic kinase Aurora-A induces 
mammary cell migration and breast cancer metastasis by 
activating the Cofilin-F-actin pathway. Cancer Res. 2010; 
70:9118-9128.

32. Coller HA and Coller BS. Poisson statistical analysis of 
repetitive subcloning by the limiting dilution technique 
as a way of assessing hybridoma monoclonality. Methods 
Enzymol. 1986; 121:412-417.

33. Vinci M, Gowan S, Boxall F, Patterson L, Zimmermann 
M, Court W, Lomas C, Mendiola M, Hardisson D and 
Eccles SA. Advances in establishment and analysis of 
three-dimensional tumor spheroid-based functional assays 
for target validation and drug evaluation. BMC Biol. 2012; 
10:29.

34. Nair JS and Schwartz GK. MLN-8237: A dual inhibitor of 
aurora A and B in soft tissue sarcomas. Oncotarget. 2016; 
7:12893-12903. doi: 10.18632/oncotarget.7335.

35. Mayer TU, Kapoor TM, Haggarty SJ, King RW, Schreiber 
SL and Mitchison TJ. Small molecule inhibitor of mitotic 
spindle bipolarity identified in a phenotype-based screen. 
Science. 1999; 286:971-974.

36. Wilkinson RW, Odedra R, Heaton SP, Wedge SR, Keen 
NJ, Crafter C, Foster JR, Brady MC, Bigley A, Brown 
E, Byth KF, Barrass NC, Mundt KE, et al. AZD1152, a 
selective inhibitor of Aurora B kinase, inhibits human tumor 
xenograft growth by inducing apoptosis. Clinical Cancer 
Research. 2007; 13:3682-3688.

37. Jemaa M, Galluzzi L, Kepp O, Senovilla L, Brands M, 
Boemer U, Koppitz M, Lienau P, Prechtl S, Schulze 
V, Siemeister G, Wengner AM, Mumberg D, et al. 
Characterization of novel MPS1 inhibitors with preclinical 
anticancer activity. Cell Death Differ. 2013; 20:1532-1545.

38. Stukenberg PT. Triggering p53 after cytokinesis failure. J 
Cell Biol. 2004; 165:607-608.

39. Rieder CL and Maiato H. Stuck in division or passing 
through: what happens when cells cannot satisfy the spindle 
assembly checkpoint. Dev Cell. 2004; 7:637-651.

40. De Santis Puzzonia M, Gonzalez L, Ascenzi S, Cundari E 
and Degrassi F. Tetraploid cells produced by absence of 
substrate adhesion during cytokinesis are limited in their 
proliferation and enter senescence after DNA replication. 
Cell Cycle. 2016; 15:274-282.

41. Danes BS. The Gardner syndrome: increased tetraploidy in 
cultured skin fibroblast. J Med Genet. 1976; 13:52-56.

42. Lothschutz D, Jennewein M, Pahl S, Lausberg HF, Eichler 
A, Mutschler W, Hanselmann RG and Oberringer M. 
Polyploidization and centrosome hyperamplification in 
inflammatory bronchi. Inflamm Res. 2002; 51:416-422.

43. Olaharski AJ, Sotelo R, Solorza-Luna G, Gonsebatt ME, 
Guzman P, Mohar A and Eastmond DA. Tetraploidy and 
chromosomal instability are early events during cervical 
carcinogenesis. Carcinogenesis. 2006; 27:337-343.

44. Tanaka H, Goto H, Inoko A, Makihara H, Enomoto 
A, Horimoto K, Matsuyama M, Kurita K, Izawa I and 
Inagaki M. Cytokinetic Failure-induced Tetraploidy 
Develops into Aneuploidy, Triggering Skin Aging in 
Phosphovimentin-deficient Mice. J Biol Chem. 2015; 
290:12984-12998.

45. Duelli DM, Padilla-Nash HM, Berman D, Murphy KM, 
Ried T and Lazebnik Y. A virus causes cancer by inducing 
massive chromosomal instability through cell fusion. Curr 
Biol. 2007; 17:431-437.

46. Lv L, Zhang T, Yi Q, Huang Y, Wang Z, Hou H, Zhang H, 
Zheng W, Hao Q, Guo Z, Cooke HJ and Shi Q. Tetraploid 
cells from cytokinesis failure induce aneuploidy and 
spontaneous transformation of mouse ovarian surface 
epithelial cells. Cell Cycle. 2012; 11:2864-2875.

47. Dewhurst SM, McGranahan N, Burrell RA, Rowan 
AJ, Gronroos E, Endesfelder D, Joshi T, Mouradov D, 
Gibbs P, Ward RL, Hawkins NJ, Szallasi Z, Sieber OM 
and Swanton C. Tolerance of whole-genome doubling 



Oncotarget16688www.impactjournals.com/oncotarget

propagates chromosomal instability and accelerates cancer 
genome evolution. Cancer Discov. 2014; 4:175-185.

48. Woodham EF and Machesky LM. Polarised cell migration: 
intrinsic and extrinsic drivers. Curr Opin Cell Biol. 2014; 
30:25-32.

49. Parsons JT, Horwitz AR and Schwartz MA. Cell adhesion: 
integrating cytoskeletal dynamics and cellular tension. Nat 
Rev Mol Cell Biol. 2010; 11:633-643.

50. Leduc C and Etienne-Manneville S. Intermediate filaments 
in cell migration and invasion: the unusual suspects. Curr 
Opin Cell Biol. 2015; 32:102-112.

51. Katsetos CD, Reginato MJ, Baas PW, D’Agostino L, 
Legido A, Tuszyn Ski JA, Draberova E and Draber P. 
Emerging microtubule targets in glioma therapy. Semin 
Pediatr Neurol. 2015; 22:49-72.

52. Pines J. Cubism and the cell cycle: the many faces of the 
APC/C. Nat Rev Mol Cell Biol. 2011; 12:427-438.

53. Lindon C, Grant R and Min M. Ubiquitin-Mediated 
Degradation of Aurora Kinases. Front Oncol. 2015; 
5:307.

54. Sivakumar S and Gorbsky GJ. Spatiotemporal regulation of 
the anaphase-promoting complex in mitosis. Nat Rev Mol 
Cell Biol. 2015; 16:82-94.

55. Brown KD, Coulson RM, Yen TJ and Cleveland DW. 
Cyclin-like accumulation and loss of the putative 
kinetochore motor CENP-E results from coupling 
continuous synthesis with specific degradation at the end of 
mitosis. J Cell Biol. 1994; 125:1303-1312.

56. Jiang W, Jimenez G, Wells NJ, Hope TJ, Wahl GM, Hunter 
T and Fukunaga R. PRC1: a human mitotic spindle-
associated CDK substrate protein required for cytokinesis. 
Mol Cell. 1998; 2:877-885.

57. Uzbekov R, Prigent C and Arlot-Bonnemains Y. Cell 
cycle analysis and synchronization of the Xenopus laevis 
XL2 cell line: study of the kinesin related protein XlEg5. 
Microsc Res Tech. 1999; 45:31-42.

58. Fischer M, Grundke I, Sohr S, Quaas M, Hoffmann S, 
Knorck A, Gumhold C and Rother K. p53 and cell cycle 
dependent transcription of kinesin family member 23 
(KIF23) is controlled via a CHR promoter element bound 
by DREAM and MMB complexes. PLoS One. 2013; 
8:e63187.

59. Liot C, Seguin L, Siret A, Crouin C, Schmidt S and Bertoglio 
J. APC(cdh1) mediates degradation of the oncogenic Rho-
GEF Ect2 after mitosis. PLoS One. 2011; 6:e23676.

60. Falnikar A, Tole S and Baas PW. Kinesin-5, a mitotic 
microtubule-associated motor protein, modulates neuronal 
migration. Mol Biol Cell. 2011; 22:1561-1574.

61. Lindon C and Pines J. Ordered proteolysis in anaphase 
inactivates Plk1 to contribute to proper mitotic exit in 
human cells. J Cell Biol. 2004; 164:233-241.

62. Floyd S, Pines J and Lindon C. APC/C Cdh1 targets aurora 
kinase to control reorganization of the mitotic spindle at 
anaphase. Curr Biol. 2008; 18:1649-1658.

63. Kitajima S, Kudo Y, Ogawa I, Tatsuka M, Kawai H, 
Pagano M and Takata T. Constitutive phosphorylation of 
aurora-a on ser51 induces its stabilization and consequent 
overexpression in cancer. PLoS One. 2007; 2:e944.

64. Yano S, Miwa S, Mii S, Hiroshima Y, Uehara F, Yamamoto 
M, Kishimoto H, Tazawa H, Bouvet M, Fujiwara T and 
Hoffman RM. Invading cancer cells are predominantly in 
G0/G1 resulting in chemoresistance demonstrated by real-
time FUCCI imaging. Cell Cycle. 2014; 13:953-960.

65. Lagarde P, Perot G, Kauffmann A, Brulard C, Dapremont 
V, Hostein I, Neuville A, Wozniak A, Sciot R, Schoffski P, 
Aurias A, Coindre JM, Debiec-Rychter M and Chibon F. 
Mitotic checkpoints and chromosome instability are strong 
predictors of clinical outcome in gastrointestinal stromal 
tumors. Clin Cancer Res. 2012; 18:826-838.

66. Thiru P, Kern DM, McKinley KL, Monda JK, Rago F, Su 
KC, Tsinman T, Yarar D, Bell GW and Cheeseman IM. 
Kinetochore genes are coordinately up-regulated in human 
tumors as part of a FoxM1-related cell division program. 
Mol Biol Cell. 2014; 25:1983-1994.

67. Kelleher FC and O’Sullivan H. FOXM1 in sarcoma: role 
in cell cycle, pluripotency genes and stem cell pathways. 
Oncotarget. 2016; 7:42792-42804. doi: 10.18632/
oncotarget.8669.

68. Perot G, Derre J, Coindre JM, Tirode F, Lucchesi C, 
Mariani O, Gibault L, Guillou L, Terrier P and Aurias 
A. Strong smooth muscle differentiation is dependent 
on myocardin gene amplification in most human 
retroperitoneal leiomyosarcomas. Cancer Res. 2009; 
69:2269-2278.

69. Bompard G, Rabeharivelo G, Cau J, Abrieu A, Delsert C 
and Morin N. P21-activated kinase 4 (PAK4) is required for 
metaphase spindle positioning and anchoring. Oncogene. 
2013; 32:910-919.

70. Fesquet D, De Bettignies G, Bellis M, Espeut J and Devault 
A. Binding of Kif23-iso1/CHO1 to 14-3-3 is regulated by 
sequential phosphorylations at two LATS kinase consensus 
sites. PLoS One. 2015; 10:e0117857.

71. Limame R, Wouters A, Pauwels B, Fransen E, Peeters 
M, Lardon F, De Wever O and Pauwels P. Comparative 
analysis of dynamic cell viability, migration and invasion 
assessments by novel real-time technology and classic 
endpoint assays. PLoS One. 2012; 7:e46536.

72. Jemaa M, Vitale I, Kepp O, Berardinelli F, Galluzzi L, 
Senovilla L, Marino G, Malik SA, Rello-Varona S, Lissa D, 
Antoccia A, Tailler M, Schlemmer F, et al. Selective killing 
of p53-deficient cancer cells by SP600125. EMBO Mol 
Med. 2012; 4:500-514.

73. Vitale I, Jemaa M, Galluzzi L, Metivier D, Castedo M and 
Kroemer G. Cytofluorometric assessment of cell cycle 
progression. Methods Mol Biol. 2013; 965:93-120.

74. Karolchik D, Hinrichs AS, Furey TS, Roskin KM, Sugnet 
CW, Haussler D and Kent WJ. The UCSC Table Browser 
data retrieval tool. Nucleic Acids Res. 2004; 32:D493-496.



Oncotarget16689www.impactjournals.com/oncotarget

75. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R and 
Salzberg SL. TopHat2: accurate alignment of transcriptomes 
in the presence of insertions, deletions and gene fusions. 
Genome Biol. 2013; 14:R36.

76. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer 
N, Marth G, Abecasis G and Durbin R. The Sequence 
Alignment/Map format and SAMtools. Bioinformatics. 
2009; 25:2078-2079.

77. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan 
G, van Baren MJ, Salzberg SL, Wold BJ and Pachter L. 
Transcript assembly and quantification by RNA-Seq reveals 
unannotated transcripts and isoform switching during cell 
differentiation. Nat Biotechnol. 2010; 28:511-515.


