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IntroductIon
As the second leading cause of death, cancer is one of the 
most problematic health issues all over the world. Despite 
huge investigations, drug resistance and tumor relapse after 
chemo/radiotherapy have remained prominent barriers in 
cancer treatment.[1] This indicates that the main elements 
contributing to these processes are not yet completely 
understood. For two centuries, numerous studies have shown 
the contribution of polyploid giant cancer cells (PGCCs) in 
cancer progression.[2] In this paradigm, the polyploid cancer 

cells with the capability of breeding cancer stem cells are tumor 
generators post‑treatment and are the main cause of therapy 
resistance and tumor recurrence.[3,4]

Cell polyploidy is not restricted to cancers, but an 
evolutionarily conserved mechanism to support tissue 
regeneration and combat against stressors.[5] Formation of 
PGCCs can be induced by either natural tensions such as 
hypoxia, acidic condition, and mechanical pressures or by 
chemotherapy and radiotherapy.[6‑9] The survived polyploid 
cells then serve as a source for the generation of new 
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tumor cells and hence “tumor regeneration”.[10] Despite 
various reports on the association of these cells with tumor 
resistance and relapse, little is known about the molecular 
pathways related to cell polyploidy. A study by Sharma et al. 
determined that the mTOR signaling pathway, a known 
regulator of cell metabolism, plays an important role in the 
polyploidy state in cancer cells. Moreover, other studies 
have also shown the importance of HIPPO, 14‑3‑3, and 
Hypoxia signaling pathways in the induction of polyploidy 
in tumor cells.[11‑15]

The recent emergence of the systems biology approach has 
promoted the investigation of cancer polyploidy. Rantala 
et al.[16] demonstrated the role of GINS2 as a regulator 
of the DNA damage repair system by analysis of the 
transcriptome profile of breast cancer samples after targeting 
genes by a siRNA library. In another study, Jung et al.[17] 
explored changes in proteome and phospho‑proteome of 
cisplatin‑resistant bladder cancer cells which are related to 
activation of polyploidy in cancer cells. Despite these findings, 
our knowledge of the underlying molecular mechanisms 
regulating the emergence and function of PGCCs is in its 
infancy.

Cisplatin is a common chemotherapy reagent that has been 
used for a wide variety of malignancies and is associated 
with a high rate of relapse.[18] To investigate the role of 
polyploidy in cisplatin resistance, two ovarian cancer cell 
lines were followed upon drug administration. In parallel, 
using high throughput transcriptomic data, the molecular 
machinery activated in cisplatin‑resistance polyploid cells 
was investigated [Figure 1]. Results of this study unraveled 
new signaling pathways related to polyploidization of cancer 
cells.

MaterIals and Methods
Cell culture
Ovarian cancer cell lines, A2780 and SKOV3 were purchased 
from Pasteur Institute of Iran. The cells were cultured in 
Dulbecco’s Eagle’s minimal essential medium (DMEM) enriched 
with 10% FBS and 1% Penicillin‑Streptomycin (Bioidea, Iran) 
and incubated in 37°C and 5% CO2.

Induction of polyploid giant cancer cells
In order to determine the optimum dose of cisplatin (Mylan, 
France) which induces the highest percentage of polyploidy, the 
cells were treated with 3, 6, 13, 18, 50, 70, and 100 µM of the 
drug. DNA content analysis determined that 6 µM concentration 
of the drug, has the most ability in induction of polyploidy in 
both cell lines (data not shown). Cisplatin was added to the 
culture medium for 72 hours and then thoroughly washed by 
PBS (Gibco, USA). Seven days post‑drug administration, the 
cells were evaluated for their morphologic features by light and 
fluorescent microscopy as well as DNA content measurement.

DNA content analysis
The cells were fixed with 70% ethanol and kept in ‑20°C 
overnight. Subsequently, the fixed cells were treated with 
PI (Sigma, Germany)/Triton X‑100 (Cytomatin gene, Iran)/RNase 
A (Sigma, Germany) solution for 30 min and were read by FACS 
Calibur instrument (BD Biosciences, USA). Flow cytometry 
results were analyzed using FlowJo software version 10.6.2.

DAPI staining
For fluorescent staining of the genome content, the cells were 
fixed with paraformaldehyde 4% for 20 minutes and washed twice 
with PBS. Subsequently the cells were permeabilized by 0.04% 
Triton X‑100 and stained with 40,6‑diamidino‑2‑phenylindole 
dihydrochloride (DAPI) (Sigma, Germany) at the concentration 

Figure 1: The scheme of the study. In this study, we employed a holistic approach to identify novel player in cisplatin resistant cells
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of 1 µg/ml. Fluorescent microscopy and imaging were 
performed using Nikon Eclipse Ti (Nikon, Japan).

Microarray data analysis
The dataset GSE58470 which contains the gene expression 
profile of IGROV‑1 cisplatin‑resistant ovarian cancer cell line 
and control group was obtained from the Gene Expression 
Omnibus (GEO) database. The quality of the data was 
assessed by principal component analysis (PCA), hierarchical 
clustering, and volcano plots using ggplot2 package of the 
R software (Version 3.5.1). Differentially expressed genes 
were determined by GEO2R tool of the GEO database. 
Benjamini–Hochberg false discovery rate was used as the 
P value correction method and all the genes with adjusted 
P value < 0.05 were assumed as DEGs.

Pathway enrichment analysis
Pathway enrichment analysis was performed by Ingenuity 
Pathway Analysis (IPA) (Qiagen lnc.).[19] Directional changes 
with Z‑score >2 were considered as significant alteration 
activities. MetaboAnalyst software (version 3.0) was also 
applied for pathway enrichment analysis and significant 
pathways (adjusted P value < 0.05) were determined by 
Fisher’s exact test.

Protein‑Protein Interaction (PPI) network construction 
and module identification
PPI Network was constructed by CluePedia plugin version 1.5.7 
of Cytoscape version 3.8.0. The topology of the network was 
analyzed by Cytoscape Network Analyzer tool and nodes with 
the highest degree and betweenness centrality parameters 
were identified. Structural modules of the PPI network based 
on clustering coefficient were determined by MCODE plugin 
version 1.32 of the Cytoscape software.[20]

results
Cisplatin enriches polyploidy in ovarian cancer cell lines
Considering that polyploidy is proposed as a leading player in 
chemo‑drug resistance,[10] the effect of cisplatin was examined 
on two ovarian cancer cell lines. A2789 and SCOV‑3 cells 
were treated with cisplatin for 72 hours and then recovered 
for 7 days. As expected, cisplatin resulted in massive cell 
death. Notably, the surviving sub‑population was enriched for 
polyploid cells as revealed by fluorescent microscopy following 
DNA‑staining. Indeed, PGCCs as large as 100 µm were 
evident in the culture of cisplatin‑treated A2789 and SCOV‑3 
lines. For further validation and quantification, DNA content 
analysis was performed which demonstrated 2.0‑ and 4.7‑fold 
enhancement in the ratio of PGCCs in A2789 and SCOV‑3 cells, 
respectively [Figure 2]. This finding suggests that polyploid 
cells can be a source of cisplatin‑resistance in ovarian cancer.

Transcriptomics profile of cisplatin‑resistant ovarian 
cancer cells highlights the role of nuclear processes
To investigate molecular mechanisms involved in 
polyploid‑resistant cells, the GSE58470 microarray dataset 

originally generated by Cossa et al.[21,22] was reanalyzed. 
They established a cisplatin‑resistant ovarian cancer line and 
performed mRNA microarray profiling concluding that the 
ERK1/2 pathway has an important role in cisplatin resistance.

Re‑analysis of this dataset was started with a quality 
control assessment. As previously shown, about half 
of the publicly available transcriptomics profiles suffer 
from the lack of sufficient quality, underscoring the 
importance of pre‑assessments of such data.[23] PCA and 
hierarchical clustering denoted the acceptable quality 
of the selected dataset as the samples were separated 
according to experimental groups in an unsupervised 
manner [Figure 3a, b]. A comparison of cisplatin‑resistant and 
control group determined 1930 DEGs with at least two‑fold 
overexpression or down‑regulation (|log2FC| ≥1) and adjusted 
P value < 0.05 [Figure 3c].

To assess the functional role of the identified DEGs, pathway 
enrichment analysis was performed determining the 21 
signaling pathways with P value < 0.05 [Figure 4a]. Among 
them, the protein ubiquitination pathway, FAT10 signaling 
pathway, and phagosome maturation have been previously 
reported to be involved in chemotherapy resistance.[24‑26] 
Moreover, mTOR, 14‑3‑3, HIPPO, and Hypoxia are known 
as polyploidy‑related pathways.[12,13,15,27,11] Additionally, 
enrichment for biological process and molecular function GO 
terms highlighted RNA polymerase regulation and protein 
metabolism. Noteworthy, nucleoplasm was an enriched 
cellular component term with the maximum number of child 
terms [Figure 4b]. Overall, these findings indicate that gene 
regulation mechanisms and nucleus processes are critical for 
drug resistance and potentially cancer polyploidy.

The interaction network was constructed to identify the map 
of communications between the identified DEGs. To identify 
the most influential genes in the network, centrality analysis 
was performed and top 10 genes with the highest degree and 
betweenness centrality measures were detected [Figure 5a]. 
A considerable fraction of these central genes is involved 
in nuclear processes; POLR2C, RANBP2, UPF3B, SP1, and 
ELOB contributed to RNA metabolism and gene expression 
mechanisms. Also, a group of central genes including UBC, 
UBE2D2, and SUMO1 are involved in protein ubiquitination. 
Previous studies have also suggested the role of PLK1 in the 
cell cycle regulation of PGCCs.[28]

Densely connected regions of the constructed network, known 
as structural modules were determined based on clustering 
coefficient centrality feature. These modules were mainly 
related to RNA metabolism, protein localization, chromatid 
segregation, microtubule polymerization, and membrane 
budding [Figure 5b].

dIscussIon
Cancer resistance to therapy was the cause of 10 million deaths in 
2020.[29] For decades, cancer researchers have tried to recognize 



Adibi, et al.: Cisplatin resistant ovarian cancer cells reveal a polyploid phenotype with remarkable activation of nuclear processes

4  Advanced Biomedical Research | 2023

the source of this resistance and find effective ways to combat 
cancer. In 1858, Virchow reported large nuclei and nucleoli 
in cancer cells[30] and in 1968, Bauke and Schöffling provided 
the first clinical evidence on the correlation between cancer 
growth and PGCCs.[31] Since then, despite opposite opinions,[32] 
PGCCs have been considered a source of chemo/radio therapy 
resistance.[6,8,33] PGCCs and their offspring cells have been 
also shown to possess stem cell characteristics. For instance, 
Zhang et al. and Niu et al. revealed PGCCs and their offspring 
could express stem cell markers such as OCT4, NANOG, and 
SOX2.[6,7] Despite these investigations, PGCCs have rarely been 
approached as a therapeutic target, potentially due to the lack of 
sufficient evidence on their molecular biology. Here, an in vitro 
model of PGCCs was established and gene expression patterns 
associated with chemotherapy resistance were explored.

Cisplatin is one the most broad‑spectrum chemotherapy agents 
and the first‑line therapy in ovarian cancer.[34] This study has 
provided evidence showing the effect of this drug on two 

ovarian cancer cell lines, A2780 and SCOV‑3. Seven days 
post‑cisplatin administration, a subpopulation of large cells 
with several nuclei was remarkably observed in fluorescent 
microscopy inspections. In agreement, DNA content analysis 
demonstrated a significant increment in the percentage of 
polyploid cells in both cell lines after exposure to cisplatin.

The comprehensive viewpoint of systems biology approaches 
would be useful in deciphering the features of these cells 
and providing a holistic map of their functions. In this study, 
reanalysis of a transcriptome microarray dataset belonging 
to cisplatin‑resistant ovarian cells determined critical role of 
various signaling pathways in promotion of cancer resistance. 
Among the pathways, the role of mTOR, 14‑3‑3, HIPPO, 
and Hypoxia signaling pathways are previously identified in 
PGCCs. Similarly, Liu et al. have shown that inhibition of 
the mTOR pathway with rapamycin reduced polyploidy in 
leukemic cells.[1] Additionally, Sharma et al. demonstrated 
that mTOR inhibitor AZD8055 could decrease the formation 

Figure 2: Augmentation of polyploid cells in SKOV‑3 and A2780 cell lines post‑cisplatin treatment. (a, d). Fluorescent images of the cells in test and 
control group (DAPI staining) after 72 hours cisplatin treatment and 7 days recovery. Scale bars: 50 µm. (b, e). DNA content analysis before and after 
cisplatin treatment. (c, f). The percentage of PGCCs in 4 replicates of each group. * P value < 0.05, black line = Mean. Significance was calculated 
by unpaired Mann‑Whitney t‑test
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Figure 3: Quality assessment of the dataset. (a, b). Principal component analysis and hierarchical clustering could successfully separate control and 
cisplatin treatment groups. (c). The Volcano plot demonstrates the genes with adjusted P value < 0.05 and |log FC| ≥1 considered as DEGs in this 
study (orange dots)
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of cancer polyploid cells and increase chemosensitivity in 
breast cancer.[15,35] It is also shown that overexpression of 
14‑3‑3, known as a regulator of the cell cycle, caused the 
emergence of polyploidy in non‑small cell lung cancer.[12] 
Moreover, Zhang et al. demonstrated that activation of the 
Hippo signaling pathway via the Akt‑skp2 axis promotes cell 
cycle arrest and polyploidy in hepatocytes and hepatocellular 
carcinoma.[11] Furthermore, a bundle of evidence highlights 
the role of natural or simulated hypoxic stresses in the 
induction of polyploidy in cancer cells.[6,13,36,37] Other signaling 
pathways enriched in our analysis may also play role in cancer 
polyploidy. Accordingly, the protein ubiquitination pathway 

which is highlighted in our study has previously shown to be 
involved in DNA damage repair, tumor proliferation, hypoxia 
adaptation, and cancer stem cell modulation to chemotherapy 
resistance.[26,38‑43] Also, several recent studies demonstrated 
the role of FAT10 in chemoresistance[24] and epithelial to 
mesenchymal transition,[25] both of which are associated with 
cancer polyploidy.[44] Furthermore, phagosome maturation, 
ceramide biosynthesis, and mechanisms of viral exit from host 
cells are among the other enriched pathways.

Among 1930 DEGs that were identified, most of them belonged 
to gene regulation and nuclear processes according to GO 

Figure 4: Pathway and gene ontology enrichment analysis determined activation of nuclear processes in the resistant cells. (a). Pathway enrichment 
analysis and, (b). gene ontology enrichment for biological process, molecular function and cellular component (The horizontal axis shows the number 
of childs of each parental term). In both of these analysis, P value < 0.05 was considered as the significance threshold

ba

Figure 5: Top central DEGs and structural modules of the PPI network of cisplatin‑resistant cells were determined. (a). Centrality analysis was performed 
and top 10 genes with the highest degree and betweenness centrality measures were detected. (b). The 6 high‑rank modules of the network (based 
on clustering coefficient centrality) and their ontology (biological process) were determined

ba
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enrichment analysis. As well, the top central genes of the 
constructed network typically attributed to nuclear process. 
According to our previous studies indicating the importance of 
central genes in promotion of cellular phenotype,[45,46] we think 
that the central nodes as well as genes in the densely connected 
modules which belonged to chromatid segregation, microtubule 
polymerization and membrane budding, indicate the key role 
of nuclear processes and polyploidy in cancer resistance.[47‑54]

conclusIons
Taken together, this study provides insights on key molecular 
processes involved in chemotherapy resistance and highlights 
the role of PGCCs. Further studies are required to elucidate 
the underlying mechanisms and pave the way for future 
therapeutic strategies.
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