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In spite of significant advancements of therapies for initial eradication of cancers, tumor relapse remains a major
challenge. It is for a long time known that polyploid malignant cells are a main source of resistance against
chemotherapy and irradiation. However, therapeutic approaches targeting these cells have not been appro
priately pursued which could partly be due to the shortage of knowledge on the molecular biology of cell
polyploidy. On the other hand, there is a rising trend to appreciate polyploid/ multinucleated cells as key players
in tissue regeneration. In this review, we suggest an analogy between the functions of polyploid cells in normal
and malignant tissues and discuss the idea that cell polyploidy is an evolutionary conserved source of tissue
regeneration also exploited by cancers as a survival factor. In addition, polyploid cells are highlighted as a
promising therapeutic target to overcome drug resistance and relapse.

1. Introduction
A nearly 20% mortality rate has rendered cancer the most proble
matic health issue in the world. Despite huge efforts and budgets al
located to studies of cancer over the past century, efficient therapeutic
approaches to inhibit cancer progression are still missing. One of the
main bottlenecks in cancer treatment is tumor recurrence post chemo/
radiotherapy, the exact mechanisms of which remains to be further
elucidated. In agreement with the clonal expansion theory that de
scribes the evolving feature of cancer [1], the cancer stem cell theory
proposes that tumor growth, maintenance and drug resistance could be
assigned to immortalized, self-renewing stem cells in the tumor [2,3].
Although, fate-mapping strategy has determined the presence of cancer
stem cells in the tumors [4], little is known about the origin of these
cells.
Although the first evidence on the presence of polyploid giant
cancer cells dates back to almost two centuries ago [5], discoveries on
their relationship to cancer stem cells have been accomplished in the
recent decades [6,7]. Indeed, it is shown that polyploid giant cancer
cells (PGCCs) could be assigned as oncogenerative units of the tumor
which produce cancer stem cells via budding/bursting and are capable

of repopulating the whole tumor tissue in recurrence phase [8–10]. In
agreement with this assumption, systematic analysis on histopathologic
sections of cancerous lesions have reproducibly shown the presence of
polyploid cells in more than 40% of tumors [11]. Also, the presence of
polyploid cells is revealed to be positively correlated with grade of
malignancy [12–16].
Polyploidy is not only a pathologic process restricted to cancers, but
also a physiologic evolutionary conserved mechanism for the main
tenance of tissue hemostasis [17]. Polyploidy is observed in the de
velopment of a wide range of eukaryotes from protozoans and fungi to
mammalians. On the other hand, polyploid cells are critical components
of tissue regeneration and potential origins of tissue resident stem cells
which exert a highly tolerable phenotype in response to stressors [18].
Based on the functional similarity of polyploid cells in development,
tissue regeneration and cancer, it could be assumed that polyploidy is a
beneficial cellular mechanism that is hijacked by cancer for adopting
rapid growth and resistance to treatment. In this review, we propose an
analogy between the role of polyploid cells in tissue regeneration and
cancer progression. Also, cancer polyploid cells are underscored as a
promising drug target. We start this argument with an overview on the
history of the key findings in this field.
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2. Landmark investigations on PGCCs

on observations on cultured amniocytes and epithelial cells, Walen
demostrated the emergence of multinucleated cells through en
doreplication in the presence or absence of SV40 [55,56]. These cells
then originate mononucleated cells through amitosis [56]. In 2004,
Rajaraman and colleagues could capture the process of depolyploidi
zation by applying video time-lapse microscopy and named the
mononucleated progenies “Raju cells” [57]. They further proposed stem
cell properties and cancer-related transformation to these cells [53].
Ten years later, Zhang et al. determined that PGCCs can originate dif
ferent lineages and a single polyploid cell could be the source of the
whole tumor tissue [6,58]. In agreement, using time-lapse fluorescent
imaging Niu et al. demonstrated similarities between blastomere de
velopment and the emergence of different lineages from PGCCs [9,59].
Based on these findings, Liu proposed a unifying theory nominated as
“life code” explaining that ploidy augmentation is a key phenomenon
both in embryogenesis and formation of undifferentiated and well-dif
ferentiated tumors [60,61]. The timeline of main discoveries on PGCCs
is represented in Fig. 1.

In order to cover key findings in cancer polyploidy, we performed a
search in PubMed for “polyploid giant cancer cells” OR “multinucleated
giant cancer cells” followed by manual refinement which finally re
sulted in less than 100 articles related to cancer polyploidy.
The primary evidence on polyploid cancer cells was reported nearly
two centuries ago when the cancer cells were characterized by Müller and
his students [5]. His hand-drawn illustrations in the book “On the Finer
Structure and Form of Morbid Tumors (Ueber den feinern Bau und die
Formen der krankhaften Geschwülste)” indicate the pleomorphism of
malignant cells [19]. Virchow, the father of modern pathology, defines
cancer cells as “…curious bodies, provided with large nuclei and nucleoli”
[20]. These findings were taken into consideration again in 1902 when the
German biologist, Theodor Boveri, proposed whole genome doubling as a
cellular process which is responsible for aneuploidy [21].
Considering the resemblance of polyploid cancer cells to normal
multinucleated osteoclasts, several investigators referred to these cells
as “osteoclast-like giant cells” [22–24]. Some other terms have also
been used to describe these cells. Boyd et al. named these giant cancer
cells as “pleomorphic” or “monster” cells whose presence significantly
associates with histologic sub-type, ulceration and depth of invasion in
melanoma [25]. These cells are now commonly referred to as Polyploid
Giant Cancer cells (PGCC)[10].
The underlying mechanisms of the formation of polyploid cells have
been investigated since more than fifty years ago. Although the no
menclature is still confusing [26], a variety of mechanisms are de
scribed (Box 1); the “endomitosis” firstly was described by two in
dependent investigators in 1939 as a mechanism of genome content
increment in insects [27,28]. In 1965, “endoreplication” and “cell-cell
fusion” were proposed for generation of these cells by Nasjleti et al. and
Okada et al. respectively [29,30]. Other terms such as “endocycling”,
“cytokinesis failure”, and “entosis” were introduced as cancer poly
ploidy inducers in the consecutive years [31–34].
The potential inducers of polyploidy have also been the matter of
investigation. Bell and Baker found leukocytes polyploidy upon ex
posure to x-irradiation [35]. Also, drugs such as cytochalasin, glutar
aldehyde and bistramide were determined as polyploidy inducers in
HL60 leukemic cells and non-small-cell bronchial carcinoma line
[36–38]. Now, by application of high-throughput analysis, it is clarified
that a broad range of cancer therapeutics stimulate formation of poly
ploid cells post administration in patients [39].
Cancer polyploid cells are known to be related to cancer progression
and recurrence. In 1968, Bauke & Schöffling for the first time reported
correlation between cancer progression and augmentation of polyploid
cells in a 73-year old man with reticulosis malignancy [40].Twenty
years later, DNA measurements in 409 breast cancer patients indicated
poor prognosis in tumors with increased DNA content [41]. Also,
polyploidy was introduced as a prognostic marker of five-year survival
in adenocarcinoma patients [42]. As well, correlation between in
cidence of polyploidy and oncogene amplification was found in gastric
cancer patients [43]. Studies on colorectal cancer have indicated that
tumors harboring tetraploid cells have a worse prognosis than their
diploid counterparts [44]. In agreement, in studies by Dewhurst et al., a
hazard ratio of 4.7 is reported for genome-doubling association with
tumor relapse in colorectal cancer patients [14,45]. Moreover, the
proportion of binucleated to multinucleated cells is suggested as a
parameter for tumor stratification in breast cancer patients [46].
PGCCs can undergo depolyploidization through which mono-nu
cleated cells are formed [47]. Although since about one hundred years
ago different terms such as amitosis [48,49], nuclear fragmentation
[50,51], nuclear budding [52], and neosis [53] have been used to refer
to the emergence of daughter cells from a polyploid/multinucleated
cell, it has not received enough attention by cancer biologists until
recent years. In 2000, Erenpreisa et al. observed budding of mono
nucleated descendants from P53-deficient giant tumor cells [54]. Based

3. Polyploidy: a conserved basic mechanism in tissue
regeneration and tumor recurrence
The beneficial aspects of polyploidy in tissue hemostasis and normal
development have led to its selection over the phylogenic tree from the
simplest protozoans to multi-cellular organisms [17,62–64]. The pro
tozoan parasite, Entamoeba histolytica has an oscillating life cycle be
tween a proliferating trophozoite and a dormant cyst. It is shown that
rapid proliferation of Entamoeba coincides with accumulation of
polyploid cells up to 8 DNA contents [65]. Peculiarly, in the larvae of
Drosophila melanogaster, approximately all tissues become polyploid
through endocycling which is supposed to be mechanism of rapid
growth [66]. As well, normal growth of nematode Caenorhabditis ele
gans with a fixed number of somatic cells (959) happens through aug
mentation of cell ploidy through endoreplication [67]. In mammalian
embryos, the trophoblast giant cells are critical polyploid cells that
produce a wide spectrum of cytokines and hormones [68,69]. Similarly,
studies on human in vitro fertilized eggs have demonstrated 60%
polyploidy in formed blastomeres [70]. Furthermore, mammalian he
patocytes, megakaryocytes, cardiomyocytes, lactating mammary cells,
skin epithelial cells and osteoclasts are among the cells that polyploidy
is critical for their normal development [71–74].
Not only normal growth and development, but also tissue re
generation takes advantage of programmed polyploidization.
Polyploidy serves as a strategic approach for compensating cell loss post
injuries which restores tissue integrity in terminally differentiated or
gans [75]. In follicular epithelial cells of drosophila, response to elim
ination of cells post injury happens through compensatory cellular
hypertrophy and polyploidy [76]. Similarly, the injured skin epithelial
cells and hindgut pylorus of drosophila become polyploid via en
docycling or cell fusion post injury [77,78]. Also, Cao et al. found that
mechanical tension in the epicardial tissue of zebrafish leads to for
mation of zones of multinucleated cells with regeneration capability
[79]. Likewise, Pax8 positive kidney tubular epithelial cells become
polyploid in response to acute kidney injury [80]. In addition, a closer
look at early mouse MSC cultures established as explants from dec
apsulated glomeruli revealed a number of binucleated cells within
nearly a week from plating (Supplementary Fig. 1). More than 70% of
hepatocytes in rodents and near 50% in humans are polyploid [81,82].
Despite some contradictory findings [83], there is a bundle of evidence
demonstrating that polyploidy increases upon liver injury and is a
promoter of liver regeneration [84–86]. The number of polyploid cells
increases in response to hepatectomy [87]. Also, these cells facilitate
regeneration in chronic liver injury induced by tyrosinemia [88]. A
recent study reveals that polyploid hepatocytes go through reductive
division and subsequent polyploidization to regenerate the injured liver
[89]. The increased number of chromosomes in the polyploid
2
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mechanisms to maintain their function. Similarly, polyploidy is
exploited in the context of cancer to entail requirements of the tumor
lesion such as angiogenesis, cancer stem and stromal cell production,
genomic instability and drug-resistance all of which promote tumor
evolution and relapse [6,58,95,96]. Investigating the role of polyploid
cells in tissue regeneration and cancer, taken us to the concept that
polyploid cells behave similarly in both paradigms. In each of the four
following sections, similar aspects of polyploid cells functions in tissue
regeneration and malignancies are comparatively discussed (Fig. 2).
3.1. Polyploid cells are a potential source of stem cells
Polyploid cells are demonstrated to be potential origins of stem cells
in various organisms; the intestine of Drosophila melanogaster contains
polyploid enterocytes (8 to 32C) that are formed through endocycling
of undifferentiated enteroblasts and are critical for epithelial absorption
[97]. The study of Lucchetta and Ohlstein determined that upon loss of
intestinal stem cells post food starvation, these polyploid enterocytes go
through amitosis and originate tissue specific stem cells [98]. Likewise,
it is recently found that post myocardial infarction, tetraploid cardiac
cells go through reductive division and produce diploid cardiac inter
stitial cells in the murine heart [99]. In the liver, nearly 50% of the cells
are polyploid that markedly increase upon hepatectomy, cytotoxic in
jury or aging [81]. Although previously it was believed that polyploid
hepatocytes are terminally differentiated, recent evidence shows that
they are capable of undergoing reductive division through which
mononucleated hepatocytes are produced [100]. Furthermore, our
studies on cultured bone marrow cells revealed a transient dormant
phase during which large multinucleated cells are formed that could be
the origin of mono-nucleated mesenchymal stem/ stromal cells (MSCs)
[101–103]. Also, our time-lapse imaging of these cells represents vast
cytoplasmic contractions that leads to budding of stem cells or a
bursting phenomenon through which the polyploid cell is broken into
mono-nucleated cells (Supplementary Fig. 2).
Alike to the ability of polyploid cells in production of progenies
involved in tissue hemostasis and regeneration, PGCCs are capable of
generating mononucleated cells through the process of neosis described
by Rajaraman et al. [53]. Studies show that post chemo/radio therapy
administration, most of the cells die, but a small proportion of survived
cells enter a lag phase with senescent and multinucleated phenotype
which subsequently become reactivated and produce mononucleated
cells [104,105]. In 2008, it was determined that cisplatin-induced
polyploid cells generate small para-diploid cells after a long dormant
phase [106]. Furthermore, polyploid cells have been described as
“pregnant cells” capable of parturition of progenies via crevices- or
funiculus-like structures [8]. Importantly, in 2010, Salmina et al. have
proposed stemness properties to the progenies of cancer polyploid cells
[107], the idea which was further validated by next studies based on
functional assays as well as the expression of stem cell markers such as
OCT4, NANOG, SOX2 and SSEA1 [6,8,9,107,108]. Proteomic analysis
has also determined up-regulation of stem cell regulating factors in
breast cancer polyploid cells [109]. Moreover, it is shown that trans
plantation of PGCCs into immunodeficient mice causes formation of
tumors positive for CD133 and CD44 which are prominent stem cell
markers [10].

Fig. 1. Timeline of landmark discoveries in cancer polyploidy.

hepatocytes buffers against tumorigenesis caused by loss of hetero
zygosity of tumor suppressor genes [90]. The above-discussed findings
on the role of polyploidy on tissue regeneration indicate that it is much
more common in physiological states than one may assume. Yet, the
mechanisms making such huge chromosomal alternations tolerable
remain to be elucidated.
On the other side, polyploidy is shown to be increased with aging in
tissues such as heart, eye, brain, and liver and is correlated with oc
currence of some of the age-associated diseases like atherosclerosis
[91], Fuchs' endothelial corneal dystrophy [92,93], nonalcoholic fatty
liver disease (NAFLD) [94], and undoubtedly various neoplasms [64].
Malignant tissues as autonomous units in the body, utilize normal cell

3.2. A variety of cell types emerge from polyploid cells
Polyploid cells with high genomic content and considerable epige
nomic alterations are capable of spawning a variety of cells. Hence,
they could be assumed as factories assembling and producing multiple
celltypes of tissues. In agreement with this assumption, we have ob
served that polyploid cells in cultures of mouse bone marrow are the
origin of MSCs with three lineage differentiation capacity [103]. Also,
we have provided preliminary evidence that these cells could be the
origin of endothelial-like CD31 and VEGFR positive cells [110].
4
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Fig. 2. Polyploid cells have similar functions in tissue regeneration and tumor progression. In each panel, the top image schematically represents a role of these cells
in normal tissue regeneration and the bottom one depicts a similar performance in malignant tissues. a) In drosophila midget, post ablation of stem cells, polyploid
enterocytes go through amitosis to produce intestinal stem cells. b) PGCCs can produce stem cells expressing cancer stem cell (CSC) markers. c) Cultured MSCs go
through a multinucleation phase upon which produce cell types such as chondrocytes, adipocytes, osteocytes, endothelial and fibroblasts. d) PGCCs remaining after
chemotherapy not only generate resistant cancer cells, but also tumor vasculature, erythrocytes and cancer associated fibroblasts (CAF). e) Polyploid hepatocytes
have multiple pairs of centrosomes and multi-polar spindles resulting in aneuploid daughter hepatocytes. f) PGCCs are shown to be the main source of aneuploid
cancer cells. g) Yeasts tolerate environmental insults through acquiring a polyploid phenotype. h) Cancer cells acquire a resistant polyploid phenotype in response to
both environmental stresses and therapeutics.

Accordingly, it is demonstrated that embryos in the blastomere stage
contain polyploid cells which their presence is necessary for embryonic
organ development [70,111].
A growing body of evidence highlights the concept that PGCCs are
the origin of different types of tumor parenchymal and stromal cells. It
is shown that a single polyploid cancer cell is capable of spheroid for
mation and multilineage differentiation [6,9]. In agreement, study by
Zhang et al. showed that PGCCs give rise to multicellular structures
mimicking the whole tumor tissue termed as “cancer-organotypic
structures” [58]. Not only CD31+ endothelial, but also erythroid cells
with active fetal hemoglobin are produced in the vessel-like assemblies
of these structures [58,112]. This finding is further validated by other
investigators which determined contribution of PGCCs in erythrocyte
production as well as formation of vasculogenic mimicry and mosaic
vessels in the tumor tissue [113]. Expression of macrophage, neu
trophil, fibroblast and myoepithelial surface markers are demonstrated
in PGCCs or their progenies [58,114–116]. Also, transdifferentiation
capability of PGCCs into skeletalmuscle fibers and adipocytes is de
termined by histomorphologic assessments [115]. Notably, the first
evidence on potential of PGCCs to form a variety of cell lineages is
provided by Weihua et al. in 2011, showing the generation of all tumor
elements post single PGCC transplantation into nude mice [117].

offsprings during reductive divisions [127]. Beside chromosome mis
segregation during depolyploidization which results in aneuploidy, in
stability in the genome content is a hallmark of PGCCs. This feature
speeds up mutational changes and karyotypic variations needed for
cancer cell surveillance [11,14]. Vast chromosomal rearrangements in
one or a few of the chromosomes, known as chromothripsis, is one of
the outcomes of CIN in PGCCs [128]. There is a line of evidence
highlighting a positive correlation between polyploidy and chromo
thripsis in different malignancies [129–131]. Genomic changes re
sulting from polyploidization/depolyploidization are a cost-beneficial
strategy for buffering against deleterious mutations and also a source of
high heterogeneity which allows malignant cells to evolve in response
to selection pressure [127,132].
3.4. Polyploid cells are a source of resistance against stressors
The relationship between increased genome content and fitness
advantage is seen in a variety of living organisms. Yeast sub-species are
shown to go through polyploidization in response to hyperosmotic,
metal and starvation stresses [133–135] to augment gene expression
capacity and tolerate loss of function mutations [136]. In plants,
polyploidy not only results in tolerance to environmental stressors and
adaptive responses, but also more product yield [137]. Also, to preserve
liver function, mammalian hepatocytes take advantage of poly
ploidization when face with stressors such as aging, hepatectomy, ironoverload, and toxins [138–140].
Tumors are naturally exposed to different kinds of environmental
stresses such as hypoxia, mechanical tension, and viruses. Polyploidy is
an adaptation mechanism that allows cancers to tolerate such condi
tions. Initial clues on the role of hypoxia in formation of PGCCs dates
back to 1996 in a study by Rofstad et al. on a human melanoma cell line
[141]. This finding was later reproduced in different cancer cell lines
using either hypoxic culture conditions or chemical inducers of hypoxia
[6,7]. Post CoCl2 treatment as a mimic of hypoxia, HIF1α (hypoxiainducible transcription factor 1α) is stabilized and overexpressed in
PGCCs which through collaboration with Notch signaling promotes
stem cell-like phenotype and tumor development [6,105,142]. Fur
thermore, lactic acid as a metabolite of tumor hypoxic milieu is shown
to induce tetraploidization [143]. More recently, Arun et al. simulated
physical pressures of cancer microenvironment and found that cancer
cells undergo endoreplication [144]. In addition, human papilloma
virus E6 and E7 proteins augment polyploidy and aneuploidy in cancer
cell lines mediated through p53 and pRb inactivation [145] or Plk1,
Aurora-A, Nek2, and cdk1 modulation [146].

3.3. Polyploid cells are a source of heterogeneity
Aneuploidy is commonly considered a pathogenic phenotype.
However, this general belief may not always be true; around 10% of
brain neural cells become aneuploid during normal development. This
process allows generation of a variety of cell types to cover wide
spectrum of functions of the neural system [118]. Also, a considerable
fraction of mammalian liver cells is aneuploid which is a source of
heterogeneity and adaptive phenotype in both normal and disease
conditions [62]. Polyploid cells are a critical source for the appearance
of these aneuploid cells [100]; in this paradigm, polyploid hepatocytes
have an increased number of centrosomes which lead to formation of
multiple spindle assemblies during anaphase. As attachment of micro
tubules to kinetochores is random, multiple microtubules from different
poles could bind to one chromosome resulting in merotelic chromo
somes that fail to orient over distinct poles and subsequently formation
of aneuploid cells [86]. We have observed that multinucleated cells in
the culture of normal bone marrow, generate MSCs which are mostly
near-tetraploid but not tumorigenic post transplantation into nude mice
[103]. In agreement, while studying MSCs from various murine tissues,
our group found that most MSC cultures develop a tetraploid or neartetraploid DNA content after several passages [119]. This finding is
linked to the hypothesized behavior of these cells during wound healing
in vivo, as tetraploid cells have been observed in wound-healing of
rodents and human [120,121].
Aneuploidy is a well-known feature of malignancies [63]. It is
shown that in Barrett's esophagus tetraploid cells are preliminaries into
formation of aneuploid cells [122,123]. Likewise, whole-genome dou
bling is an early event in glioblastoma and associates with chromosomal
instability (CIN) and aneuploidy post treatment [124]. Hence, poly
ploid cells are a main source of aneuploid cancer cells [14,15,125,126].
It is demonstrated that PGCCs have multiple sets of centrosomes and
unusual spindle structures which subsequently lead to aneuploid

4. Polyploidy: a major challenge in fight against cancer
Through above discussed mechanisms polyploidy allows cancers to
resist against a wide range of stresses including most available che
motherapy and radiotherapy regimens. The polyploidy/aneuploidy re
version in response to therapy was first proposed in 1960 [147] and
since then, several investigators have shown formation of polyploid
cells upon therapy administration. The genotoxic insults raised by
chemo- and radiotherapies cause cell cycle arrest, mitotic catastrophe
and death of most of the cancerous cells. Nevertheless, a small fraction
of surviving cells acquire a polyploid phenotype that following a
6
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Fig. 3. Multinucleated cells enrich in 5637 bladder cancer and A2780 ovarian cancer cell lines post exposure to cisplatin. Both cell types were treated with 6 μM
cisplatin for 72 h followed by two weeks recovery. Scale bars: 50 μm.

dormant phase produce heterogenic resistant progenies whenever fa
vorable conditions are available [148].
Cisplatin, as a chemotherapy agent, targets DNA and makes doublestrand breaks. In line with other investigators [106,149], our un
published data indicates formation of polyploid cells in response to
cisplatin treatment (Fig. 3). Also, polyploidy is observed in response to
administration of purine/pyrimidine antagonists, 5-fleuro uracil and
reversine in different cancer cell lines [150–153]. Studies show that
multinucleation and spawning of mono-nucleated resistant stem cells
happen post treatment with paclitaxel and docetaxel that are micro
tubule-stabilizing agents [154,155]. As well, vincristine, doxorubicin,
and bortezomib are shown to induce polyploidy [156,157]. Cell cycle
kinases like Aurora and Polo-like kinase which are vastly over-ex
pressed in high-grade malignancies are the other cancer drug targets
whose inhibition has been repeatedly shown to be correlated with
genomic instability and formation of polyploid cells [158–160].
Evidence on the role of radiation in induction of cell polyploidy was
firstly described by Bell and Baker [35]. The double-strand breaks in
duced by ionizing radiation lead to G2/M arrest in cancer cells. Al
though most of the arrested cells die through activation of DNA repair
mechanisms, a small proportion of cells survive, become polyploid and
serve as the source of new cancer cells [161]. Notably, it is shown that
radiation exposure of non-tumorigenic breast cancer cells, causes re
programming of differentiated cells into “induced breast cancer stem
cells” with polyploid and resistance characteristics [162]. Despite
convincing evidence on PGCC formation upon environmental and
therapeutic stressors, no targeted treatment strategy is clinically vali
dated yet to combat against this smart choice of the tumors. A few drugs
are shown to partially target cancer polyploid cells in preclinical set
tings which are reviewed in the next section.

Table 1
Chemicals efficient for the inhibition of PGCCs.
Drug

Function

Reference

2-Deoxy-d-glucose
Rapamycin
AZD8055
ABT-263
Resveratrol
Salicylate
Trolox
DPBQ
8-Azaguanine
Belinostat
losmapimod
Flavopiridol
Griseofulvin

Glycolysis inhibitor
mTOR inhibitor
mTOR inhibitor
Apoptosis induction through Bcl-xL Inhibition
Inhibition of cell cycle progression
Apoptosis induction through AMPK pathway
Targeting reactive oxygen species
HIF1a- and p53-dependent apoptosis
Antimetabolite produced by HPRT1
HDAC inhibitor
MAPK inhibitor
CDK inhibitor
Centrosome-declustering agent

[163,164]
[163]
[165]
[166]
[167]
[167]
[168]
[39]
[39]
[169]
[170]
[171]
[172]

few investigations (Table 1).
Polyploid cells shift to more cost-effective metabolic pathways to
survive in the extreme microenvironment of cancer lesions. In both
acute myeloid leukemia and brain tumors, polyploid cells are shown to
be more sensitive to the toxic effects of 2-deoxy-d-glucose, as an in
hibitor of glycolysis, compared to euploid cancer cells [163,164].
mTOR which is an important regulator of cell cycle and metabolism in
megakaryocytes is another proposed drug target [173]. Rapamycin, the
inhibitor of mTOR, promotes apoptosis and autophagy of polyploid
leukemic cells [163]. Similarly, in the study of Sharma et al. reduced
formation of breast cancer polyploid cells was demonstrated in the
presence of mTOR inhibitor AZD8055 [165].
As polyploid cells exert antiapoptotic effects through upregulation
of pro-survival components, this feature can also be considered as an
opportunity for targeting polyploid cells. Zhou et al. demonstrated that
inhibition of antiapoptotic protein Bcl-xL by ABT-263 small molecule
causes lethality of polyploid cells [166]. Lissa et al. have performed a
pharmacological screening on an established tetraploid HCT116 cancer
cell line and found that resveratrol and salicylate reduce polyploid cell
survival by inhibition of cell cycle progression as well as apoptosis in
duction through AMPK pathway [167]. Targeting the high rate of

5. Struggling with PGCCs
Most of the current cancer therapies target rapidly dividing mono
nucleated cells in order to reduce the bulk of tumor. Nevertheless, the
survived polyploid cells, which due to their resistant phenotype and
capability of regenerating the whole tumor tissue can be assumed as
“roots of cancer”, have been considered as therapeutic targets just in a
7
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reactive oxygen species seen in cancer polyploid cells by Trolox, the
analog of vitamin E, has also been beneficial in eradication of doxor
ubicin-induced HCT 116 polyploid cells [168].
The unknown and complex nature of polyploid cells is a main bar
rier for drug target identification which could be addressed by appli
cation of high throughput methodologies. Employing the big data from
National Cancer Institute (NCI) developmental therapeutic program on
the sensitivity of 45′342 chemicals on 60 cancer cell lines adjunct to the
polyploidy state of these cell lines, Choudhary et al. discovered 8-aza
guanine and 2,3-diphenylbenzo[g]quinoxaline-5,10-dione (DPBQ) as
specific inhibitors of polyploid cells. DPBQ acts through HIF1a- and
p53-dependent augmentation of oxidative stress and apoptosis. Also, 8azaguanine is an antimetabolite produced by Hypoxanthine-guanine
phosphoribosyltransferase1 (HPRT1) enzyme [39].
Altogether, PGCCs cannot efficiently be triggered by currently
available anti-mitotic cancer therapeutics. Not only the historical ig
norance of polyploidy in cancers and consequently insufficient knowl
edge on the underlying molecular mechanisms, but also the limitations
of cancer drug development pipelines have led to the scarcity of PGCCtargeting therapies. Indeed, current preclinical assays employed to as
sess the efficacy of candidate drugs are based on short term outcomes
without continues follow-ups, which hinders getting insight into re
sistant polyploid cells [174]. In this regard, we propose further in
vestigations focused on regulatory circuits of cell polyploidy as well as
improvement of in vitro drug screening systems in order to develop
PGCC-targeting agents to be administrated in combination with current
available therapeutics.
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