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Abstract

Polyploid giant cancer cells (PGCC) constitute a dangerous subpopulation of cancer cells and are
a driving force in cancer recurrence. These unique cells arise from diploid tumor cells in response
to stress encountered in the tumor microenvironment or during cancer therapy. PGCC are greatly
dedifferentiated, acquire pluripotency, and are able to replicate through a form of asymmetric
division called neosis, which results in new populations that are themselves able to differentiate
into new cell types or to re-establish tumors. Progeny tend to be more genetically unstable than the
founding population due to the dysregulation required to transition through a PGCC state.
Therefore, cancers that escape stressors through this mechanism tend to re-emerge with a more
aggressive phenotype that is therapy resistant. This review focuses on the clinical significance of
PGCC, the need for standardized nomenclature and molecular markers, as well as possible
avenues to develop therapies aimed at PGCC and the process of neosis. The biology underlying
the development of PGCC including cell cycle checkpoint dysregulation, stress responses,
dedifferentiation, stemness and epithelial-mesenchymal transition is discussed.
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Introduction

Traditional cancer therapies, such as radiation or chemotherapy, aim to disrupt the
dysregulated and overactive mitotic processes of malignant cells with the intention to
preferentially lead to their demise. While therapy response varies, most patients respond at
least initially, and in some cases bulk tumor is eliminated to levels below clinical detection.
However, even the declaration of a “cure” is frequently temporary and an eventual relapse
suggests that residual malignant cells must have escaped therapy and formed a seed
population that enabled tumor recurrence. In this review we discuss the ability of polyploid
cancer cells to fuel cancer recurrence. The sprawling, strangely multinucleated appearance
of this small yet dangerous subpopulation has spawned a colorful and wide-ranging
nomenclature including “giant cells” and “monster cells”, which inspired the title of this
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review. First, we will discuss the clinical significance of polyploid cancer cells. Their
morphology is consistently described as the flattened, large shape typical of senescent cells
with abnormal nuclei. However, polyploid cancer cells are neither irreversibly senescent nor
do their abnormal nuclei indicate that mitotic catastrophe is imminent. The danger
associated with polyploid cancer cells is their ability to reproduce asymmetrically in an
amitotic fashion involving yeast-like budding or bursting. Offspring exhibit increased drug
resistance, stemness, metastasis or a combination thereof. This danger has historically been
overlooked but is now increasingly being recognized. Second, we will address the
terminology used to describe these unusual cancer cells and their progeny. The lack of
standardized nomenclature has resulted in a body of literature that is currently fragmented
and difficult to search. This presents a major challenge for communication among
researchers and clinicians who encounter and wish to study these cells. Throughout this
review we will use the abbreviation PGCC for polyploid giant cancer cells and the term
“neosis” for generation of their progeny. The third major challenge facing the field is the
lack of specific markers to identify PGCC. Lack of molecular markers can, especially in
clinical samples, lead to misinterpretation of cell lineage. In addition, PGCC are by
definition a transient phenomenon, since they arise from a subset of mitotic cancer cells in
response to stress, with offspring resuming mitosis when conditions are more favorable.
Through temporary senescence, PGCC evade attacks on the mitotic machinery to ensure
survival of the tumor as a whole until conditions are favorable for neosis, which results in
respawning of a more aggressive tumor. This brings us to the final challenge of developing
novel therapeutic approaches to target PGCC and their progeny. The success of a sustained,
multi-disciplinary focus on treatment approaches to facilitate a solution to this final
challenge will require the adoption of a common nomenclature, identification of reliable
markers, and innovative clinical trials.

Clinical significance of PGCC and neosis

About 20 years ago the laboratory of Jekaterina Erenpreisa first reported that polyploidy
provides a survival mechanism following DNA damage of cells with mutant p53 (lllidge,
Cragg, Fringes, Olive, & Erenpreisa, 2000). A few years later Rajaraman introduced the
concept of neosis, yet it took nearly another 10 years before PGCCs were clearly declared as
critical drug targets in the war on cancer (Coward & Harding, 2014; Rajaraman, Rajaraman,
Rajaraman, & Guernsey, 2005). A 2015 mini-review warned “that docetaxel induces these
giant cells....should give pause to clinicians” (Ogden, Rida, Knudsen, Kucuk, & Aneja,
2015). PGCCs have subsequently been described as a “keystone species” without which the
remainder of the tumor environment would collapse and as the “evil roots of cancer”
because their offspring have overlapping characteristics of drug resistance, stemness, and
metastatic potential (Amend et al., 2019; Chen et al., 2019). Here we summarize the clinical
significance of PGCC in some common cancers, although evidence for PGCC exists in a
wide range of malignancies (Table 1).

Colorectal cancer

Colorectal cancer (CRC) is the third most common cancer in both women and men. In
laboratory studies PGCC can be generated in colon cancer cell cultures following a variety
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of stressors including hypoxia, radiation or chemotherapy (Lopez-Sanchez et al., 2014;
Mirzayans, Andrais, Scott, et al., 2017; Puig et al., 2008). Cisplatin- and radiation-induced
colon cancer PGCC both show dysregulation of p53 and p21 (Mirzayans, Andrais, Scott, et
al., 2017; Puig et al., 2008). Analysis of 159 clinical cases of CRC showed that the presence
of stromal PGCC with evidence of budding correlated inversely with the degree of
differentiation (D. Zhang et al., 2017). PGCC undergoing neosis were observed in 27.5% of
well differentiated, 50% of moderately differentiated and 90.2% of poorly differentiated
CRC (D. Zhang et al., 2017). A recent study investigated the role of PGCC formation in
locally advanced rectal cancer which is treated with neoadjuvant chemoradiation therapy
(nCRT) prior to surgery (Fei, Zhang, et al., 2019). Comparison of samples from patients
receiving NCRT (n=304) and those who did not (n=301) showed that the presence of PGCC
was significantly higher in the nCRT group compared to the non-nCRT group. In the nCRT
group, PGCC appeared after therapy and exhibited morphologies that were consistent with
tumor invasion and metastasis. Although additional long-term follow up studies are needed,
the study found significant differences in survival depending on the rest interval between
nCRT and surgery. Since nCRT induces PGCC and generation of aggressive progeny, a rest
interval of less than 50 days was suggested as it may improve survival.

Ovarian cancer

Similar to colorectal cancer, treatment of patients with ovarian cancer increases PGCC.
Analysis of paired specimens isolated before and after chemotherapy showed relative
homogeneous cells prior to chemotherapy whereas specimens isolated post-chemotherapy
contained PGCC with varying and bizarre nuclei as well as evidence of neosis (Niu,
Mercado-Uribe, & Liu, 2017). An increase in the number of PGCC was observed with
tumor grade and stage (S. Zhang, |. Mercado-Uribe, Z. Xing, et al., 2014). To study this in
more detail, a total of 80 serous ovarian tissue samples (21 primary high-grade carcinomas
with patient-matched metastatic tumors, 26 cases of low grade tumors, and 12 cases of
borderline cystadenoma) were analyzed. Results showed that high-grade carcinomas
contained a significantly higher number of single PGCC with evidence of neosis in the
stroma compared to samples from patients with low-grade tumors (18/21 vs. 6/26) (Lv et al.,
2014). In addition, the number of PGCC positively correlated with vascular mimicry in these
samples (L. Zhang et al., 2014). Dissection of cell cycle regulation in ovarian cancer-derived
PGCC has implicated cyclin D1 as a key driver with the additional upregulation of Cyclins
B1 and E reported in a xenograft model (Niu et al., 2016; S. Zhang, I. Mercado-Uribe, Z.
Xing, et al., 2014). In addition, whether cyclin B1 remains in the cytoplasm or accumulates
in the nucleus, which is determined by its phosphorylation status and rates of nuclear import
and export, is critical in committing the cell to mitosis (Walsh, Margolis, & Kornbluth,
2003). Fei, et al. demonstrated that Cyclin B1 is excluded from PGCC nuclei but is present
in the nuclei of mitotic daughter cells (Fei, Qu, et al., 2019). Ovarian cancer has also been
studied in a model of hypoxia and, as in colon cancer, hypoxic conditions induced the
formation of PGCC and were accompanied by the overexpression of HIF1a (S. Zhang,
Mercado-Uribe, Hanash, & Liu, 2013). Such models suggest that the hypoxic tumor
microenvironment may be sufficient to induce PGCC.
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Breast cancer

In breast cancer, treatment with doxorubicin or taxol induces PGCC formation
independently of estrogen receptor status (Parekh et al., 2018). Breast PGCC have been
shown to transcribe multiple stemness genes, such as ALDH1A and CD24, and show
increased migratory potential (Pirsko V, 2019; Xuan, Ghosh, Cheney, Clifton, & Dawson,
2018). Interestingly, breast cancer PGCCs stabilize the hypoxia response gene HIF1la even
when the stress applied is not hypoxia as chemotherapeutic stress has also been observed to
upregulate the gene (Parekh et al., 2018). Analysis of 167 breast cancer tissues including 52
patients with paired primary tumor and lymph node metastasis, 52 patients without
metastases and 11 patients with benign tumors showed that the number of PGCC increased
with malignant grade and was highest in the lymph node metastases (Fei et al., 2015).

Prostate cancer

Prostate cancer is usually a slow growing malignancy such that mortality even in patients
with the highest possible Gleason score is only 5% at 2 years (Alharbi, De Marzo, Hicks,
Lotan, & Epstein, 2018). However, if PGCC are detected in the biopsy, mortality increases
to 37% (7/19) at 8 months (Alharbi et al., 2018). In the laboratory, the castration resistant
prostate cancer cell lines, PC3 and its derivative PPC1, have been used extensively to trace
the kinetics of PGCC arising in response to clinically relevant dosages of docetaxel or
radiation (Lin et al., 2019; Mittal et al., 2017; White-Gilbertson, Lu, Norris, & Voelkel-
Johnson, 2019). Increases in the PGCC population are highly dose and time dependent but
occur in response to clinically relevant concentrations of docetaxel, a drug that is commonly
used to treat castration resistant prostate cancer despite development of resistance within 7-8
months (Lin et al., 2019; Tannock et al., 2004; White-Gilbertson et al., 2019). Interestingly,
PGCC are now suspected as the culprit driving docetaxel resistance in prostate cancer
patients (Mittal et al., 2017).

The lysosomal enzyme acid ceramidase, which is frequently overexpressed in prostate
cancer, increases drug resistance and oncogenic signaling (Camacho et al., 2013; Norris et
al., 2006; Saad et al., 2007). We recently demonstrated that PGCC resulting from radiation
or docetaxel therapy induced stress express high levels of ASAH1 and that this enzyme was
required for neosis (White-Gilbertson et al., 2019). Increased expression of ASAH1 has also
been observed in patient specimens following radiation treatment failure, but unfortunately
the presence of PGCCs was not specifically examined or correlated to ASAH1 expression
(Cheng et al., 2013). However, if PGCCs are detected in a biopsy after a prostate cancer
recurrence the mortality rate increases to 57% at 7 months (Alharbi et al., 2018). In
summary, the presence of PGCC is indicative of a poor prognosis across multiple cancers
and associated with a more aggressive tumor phenotype.

The terminology problem

Polyploid cells within tumors have been described since the invention of the microscope but
the significance of this rare subpopulation has been underestimated (Amend et al., 2019).
Interpreting a morphology that mimics other cell types and represents a rather bizarre
biology, has led to descriptions that are sporadic and idiosyncratic. A collection of terms

Adv Cancer Res. Author manuscript; available in PMC 2021 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White-Gilbertson and Voelkel-Johnson Page 5

found in the last several decades of literature, all of which may refer to a single
phenomenon, has been summarized in Table 1. Here we briefly address how the significant
contribution of PGCCs to therapy resistance and recurrence can unintentionally be missed in
many standard assays and list the use of different terminologies by research scientists and
pathologists in describing PGCC to emphasize how the disconnect in terminologies can
hamper translational efforts.

The Research Scientist View

Laboratory studies involving /n vitro assays of cancer cells are usually focused on inducing
cell death with typical observation time frames of 72 hours or less. When a majority of cells
become non-viable within this time frame after exposure to a clinically relevant therapeutic
approach, cultures are declared sensitive. If observed microscopically at the conclusion of
the experiment the residual cells are often polyploid but can leave the impression that they
are senescent or that mitotic catastrophe is imminent. Indeed, there is no discernible
difference between PGCC that are doomed and those that have the potential to undergo
neosis. Continued analysis of cultures for a significantly longer amount of observation time
is required before the reproductive capability of PGCC becomes evident. One study found
that PGCC remain senescent for as long as 2 months (Puig et al., 2008).

PGCCs can also be studied separately through enrichment by size selection using flow
cytometry or filtration, and isolated PGCC can spawn a halo of progeny via neosis sufficient
to regrow a fully mitotic culture (Kaur et al., 2015; Puig et al., 2008; White-Gilbertson et al.,
2019). Throughout the years, researchers have used a variety of terms to try and capture the
biology and dangers associated with PGCC. The group who originally described neosis used
the term multinuclear/polyploid giants (MN/PGs), while multinucleate cell (MNC),
multinucleated and giant cells (MNGCs) or mononucleated giant cells (MOGC),
endopolyploidy tumor cells (ETCs), giant cells, and depolyploidizing cells are terms used by
different groups at different times to describe similar cell behavior (Table 1). Since single
PGCC are capable of initiating tumors, they may also be described as tumor initiating cells.
There is currently no commonly encountered term to describe the PGCC progeny, although
one group appropriately called the PGCC progeny “escape cells” and another referred to
them as “Raju cells” (Puig et al., 2008; Rajaraman et al., 2005). Since PGCC progeny
resume mitosis, they cannot be easily distinguished from the parental mitotic cells,
increasing the challenge of identifying, studying, and naming them.

The Pathologist View

Pathologists have used a variety of terms such as monstrocellular, osteoclast-like, anaplastic,
pleomorphic, syncytial-type, and giant to describe the general phenotype of polyploid cells
encountered within a clinical specimen. Representative references for how these terms are
used are included in Table 1. It is in the clinical setting that definitive markers of PGCC
would be the most immediately impactful, because as discussed above, the presence of
PGCC implies a more concerning prognosis. However, studying these cells presents as many
challenges to pathologists as to research scientists, again due to the unexpected, dynamic,
and plastic nature of PGCC.
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One initial challenge encountered by pathologists is to determine the origin of large
polyploid cells within a sample. Since polyploidy is uncommon in mammalian cells, the
appearance of multinucleated cells within clinical specimens could be interpreted as having
derived from the few lineages that typically produce polyploid cells, rather than being an
adaptation of the cancer cells themselves (Williamson et al., 2014). For example,
multinuclear cells of the trophoblast lineage share many features of cancer cells, including
high expression of PDLL1 to inhibit host immunity, high levels of angiogenesis, and the
ability to invade host tissue (Costanzo, Bardelli, Siena, & Abrignani, 2018). During
development, trophoblasts use these characteristics to implant placental tissue into the
uterine wall, attract a blood supply, and protect a growing fetus from maternal immune
surveillance, all of which could conceivably drive cancer.

Polyploid cells could also be derived from stem cells that differentiate into cells of the
monocyte/macrophage or dendritic cell lineages, such as histiocytes and osteoclasts, which
are formed through fusion. The abnormal tumor environment may attract immune cells,
which could be a favorable development and portend improved outcomes for the patient.
Whether polyploid cells seen in cancer are functional immune cells or are cancer PGCC
could greatly affect a disease course. However, even identification of polyploid cells as a
differentiated cell type can be misleading. Osteoclasts of the macrophage lineage may
appear in tumors not because of recruitment, but because the PGCC differentiate into
osteoclast-like cells (Wasserman, Sekhon, & Ayroud, 2015). Since osteoclasts specialize in
lysing surrounding tissue, the tumor may co-opt this ability to facilitate migration. Hence,
determining that polyploid cells are osteoclasts, or “osteoclast-like” may still leave
significant prognostic confusion, depending on the derivation of osteoclast-like cells.

The difficulty to identify clear markers for polyploid cells in situ is exemplified by CD68
(LAMP4). CD68 is often used to identify cells of the monocyte lineage such as histiocytes
and osteoclasts, but expression has also been detected in polyploid cells of clearly neoplastic
origin (Jo, 2014; Sekulic, Gilles, Amin, & Stewart, 2016). This may be because PGCC can
give rise to osteoclast-like cells, or because the massive size of PGCC requires metabolic
changes that upregulate lysosomal markers such as CD68/LAMP4 (Williamson et al., 2014).
The use of p53 expression as a marker can also be misleading. When diploid tumor cells
stain positive for p53, lack of p53 staining in polyploid cells is sometimes cited as evidence
that the polyploid cell is derived from a tissue other than the malignant cells (Baydar, Amin,
& Epstein, 2006; Jo, 2014). As discussed in an upcoming section, loss of p53 expression
maybe required for polyploid to occur. Thus interpreting p53 status of a polyploid cell is
quite ambiguous as lack of p53 expression may identify a cell that originated outside an
otherwise p53 positive tumor or a PGCC that derived from a diploid tumor cell.

Ideally, as the field of PGCC studies begins to cohere, nomenclature will become more
specific and insights will be synthesized into a panel of useful markers. Toward that end, the
following sections of this review will summarize the current understanding of PGCC
development and fate (summarized in Figure 1).
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Characteristics of PGCC that may lead to identification of molecular

markers

Morphology

Biology

Until molecular markers of PGCC are established, morphology may offer some
opportunities for differentiation. Polyploid cells can arise through various mechanisms
including fusion or endoreplication. Evidence for fusion has been reported in glioblastoma
cells, in which a lethal dose of radiation resulted in selection for an innately resistant
subpopulation (7-10% of cells) that transiently arrested in G2/M and survived therapy.
These cells appeared to have formed by fusion, since exposure of mixed cultures containing
cells labeled with green or red fluorescent reporters to radiation, demonstrated that the
majority of surviving cells emitted a yellow signal (Kaur et al., 2015). However, in breast
and ovarian cancer cells, only 10-20% of PGCC in cultures formed by fusion and in
myxofibrosarcoma cells only one among many PGCCs formed through this mechanism
(Ariizumi et al., 2009; S. Zhang, I. Mercado-Uribe, Z. Xing, et al., 2014). Thus while there
is evidence for fusion, endoreplication seems to be more prevalent (Shu, Row, & Deng,
2018; Weihua, Lin, Ramoth, Fan, & Fidler, 2011). During endoreplication, mitosis may be
skipped altogether resulting in a mononuclear cell that has multiple copies of the genome.
Alternatively, if mitosis is initiated and karyokinesis is completed but cytokinesis fails, a
multinuclear cell develops. In our experience, nuclei of PGCC arising due to cytokinesis
failure are housed within the same nuclear membrane and may even comprise one massive
nucleus rather than multiple discrete nuclei. Thus multinuclear cells arising by
endoreplication could potentially be differentiated from fused cells based on analysis of the
nuclear membrane. However, the nuclei fated to become daughter cells via neosis move to
the periphery of the cell during budding and could closely resemble the appearance of
histiocytes or osteoclasts formed by fusion. Diaz-Carbello et al. who used etoposide to
induce PGCC from neuro- and glioblastoma cells performed a detailed morphological study
(Diaz-Carballo et al., 2014). This study led to the discovery of an astonishing variety of
atypical PGCC morphologies, including “spiral cells” in which nuclei were arranged in a
spiral fashion in different planes, “pregnant” cells that contained progeny of different sizes
embedded in the cytoplasm of the mother cell, “monastery” cells that exhibited a wall
structure inside which cell replication took place with mitochondria arranged around
daughter cells, and the rarer “shepherd cells” that were always associated with clusters of
smaller cells.

The aberrant biology of PGCC includes dysregulation of the cell cycle, induction of stress
responses, and dedifferentiation, all of which are likely accompanied by adaptations in
biophysical properties and metabolic activity. With this array of abnormalities, it should be
possible to identify a set of molecular markers that is unique to PGCCs, although the
transient and plastic nature of the cells complicates the situation considerably.

Cell cycle checkpoint dysregulation—DNA replication is carefully controlled at cell-
cycle checkpoints to ensure integrity during cell division. Therefore, one or more cell-cycle
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checkpoint controls must have been compromised for PGCC generation to occur by
endoreplication. Before a cell can replicate its DNA, integrity is checked at the G1/S
transition. In the G1 phase the cell prepares for DNA replication and certain intracellular
components such as centrosomes undergo replication. CDT1 (Chromatin Licensing And
DNA Replication Factor 1) cooperates with CDC6 and the origin recognition complex
(ORC) to load the mini-chromosome maintenance (MCM) complex onto DNA to generate
pre-replication complexes (Cook, Chasse, & Nevins, 2004). Licensing of DNA replication in
S-phase is negatively regulated by geminin, which binds CDT1 and prevents loading of the
MCM complex to avoid inappropriate initiation of replication. Lack of geminin during
embryonic development results in premature endoreplication, commitment to the trophoblast
lineage, and formation of trophoblast giant cells without formation of inner cell mass
(Gonzalez et al., 2006). Premature endoreplication may occur because accumulation of
CDT1 is permissive for multiple rounds of DNA replication during the G1 phase of the cell
cycle. Geminin also binds to CDT1 during mitosis, when CDT1 is stabilized and required to
promote kinetochore-microtubule attachments (independent of chromatin binding) (Varma et
al., 2012). While lack of geminin contributes to polyploidy, it is important to point out that
regulation of this protein is complex, that it has multiple binding partners other than CDT1,
and that overexpression of geminin itself appears to be oncogenic as it serves as an
independent indicator of poor outcome (Kushwaha, Rapalli, & Kumar, 2016).

Animal studies have shown that polyploid cells from p53-deficient mice are tumorigenic
while the corresponding diploid cell is not (Fujiwara et al., 2005). p53 is well known as the
“guardian of the genome” for its role in regulation of cell cycle progression. The N-terminal
transcriptional activation domain of p53 is targeted by kinases of the MAPK family
(JNK1/2/3, ERK1/2 and p38 MAPK) that are activated in response to various stresses
including oxidative stress, heat stress, or membrane damage, and by kinases activated in
response to DNA damage following genotoxic stress (ATM/ATR, CHK1/2, DNA-PK, CAK,
TP53RK). In response to DNA damage, p53 becomes phosphorylated, more stable, and
regulates gene expression to interfere with expression of cyclin B and activity of cyclin B
complexes, which are necessary for the progression of cells into and out of M phase. An
increase in p53 arrests cell cycle progression to allow DNA damage to be repaired or if
damage is too severe apoptosis can be initiated. Recent evidence suggests that the primary
response triggered by p53 in response to clinically relevant concentrations of therapeutic
agents is prolonged growth arrest rather than apoptosis (Mirzayans, Andrais, Kumar, &
Murray, 2017). Of additional concern is the observation that p53-deficient cells, which
develop into PGCC following radiation exposure, remain adherent and viable for an
extended period of time with a majority maintaining DNA synthesis, presumably in the
absence of p53-directed repair mechanisms (Mirzayans, Andrais, Scott, et al., 2017).
Recently, a gain-of-function genome-wide screen identified 23 miRNAs whose
overexpression was permissive for proliferation of tetraploid cells. Two top hits, including
miR-523-3p and miR191-3p, enhanced S-phase entry with efficiency comparable to loss of
p53 (Vittoria et al., 2018). The E6 protein of human papilloma virus type 16, a type of HPV
type responsible for a majority of cervical cancers, also binds and inactivates p53. Together
with the HPV E7 protein that binds to Rb, E6 causes polyploidy in normal keratinocytes due
to spindle checkpoint failure (Patel, Incassati, Wang, & McCance, 2004).
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The miRNA screen also identified the oncogenic miR-191-3p as a significant stimulator of
the MAPK pathway, suggesting that strong mitogenic signals may promote cell cycle
progression in tetraploid cells. This was corroborated by Liu et al., who used cobalt chloride
as a model for hypoxia-induced PGCCs to demonstrate that p38MAPK and ERK
phosphorylate CDC25C on Ser216 (K. Liu et al., 2019). CDC25C is a highly conserved
gene that controls mitosis. When CDC25C is phosphorylated, it dephosphorylates tyrosine
residues on cyclin B-bound CDK1 driving cells in G2 towards the prophase of mitosis.

A key target gene of p53 is the cyclin-dependent kinase inhibitor p21. By binding to cyclin-
CDKZ2, cyclin-CDK1 and cyclin-CDK4/6 complexes, p21 regulates cell cycle progression at
the G1/S transition. In MCF-7 or T47D breast cancer cells, overexpression of p21 increased
cell size 50-100-fold over several days with karyokinesis progressing in the absence of
cytokinesis and proliferation (Sheikh, Rochefort, & Garcia, 1995). How the increase in p21
impacts on cell fate is p53-dependent (Georgakilas, Martin, & Bonner, 2017). In the
presence of wild-type p53, the increase in p21 is transient, resulting in cell cycle arrest with
subsequent senescence or apoptosis. In contrast, chronic overexpression of p21 in a p53-
deficient environment, allows cells to escape control mechanisms resulting in re-replication,
error prone repair, and high levels of genomic instability that are associated with an
aggressive cancer phenotype.

Stress responses—The cancer therapies aimed at killing rapidly proliferating cells also
induce stress responses that promote the formation of PGCC. To more closely mimic the
spatially varying drug concentrations that are likely encountered /7 vivo, Lin and co-workers
used a microfabricated “evolution accelerator” environment with increasing concentrations
of docetaxel (0-10nM). Cell density was not significantly decreased at lower drug
concentrations but in the 2-4nM range of docetaxel, the density of PGCC increased nearly
10-fold with cell size changing by a order of magnitude from 10-15 pm to 100-200 pm (Lin
etal., 2019).

The sheer increase in size and nuclear load can be predicted to require adaptations. A study
on the biophysical properties of PGCC showed an increased appearance of stress fibers and
abnormal microtubule organization, which was associated with dysregulation of the RhoA-
Rock1 pathway (Xuan et al., 2018). The size of PGCC also results in metabolic
reprogramming such that additional oxidative phosphorylation is required at baseline (Sirois
et al., 2019). This finding dovetails with a prior report that PGCC are preferentially
dependent on mTOR signaling, particularly the activity of the mMTORC2 complex which
influences autophagy (Zeng et al., 2014). Taken together, results across cancer cell types
suggest that the morphology of PGCC necessitates custom physiology and constitutes its
own form of stress.

Another major player in the stress response is the sphingolipid ceramide. Ceramide increases
in response to various stresses including chemotherapy and radiation used in cancer therapy.
The accumulation of ceramide can lead to cell death, such as apoptosis, necroptosis and/or
induction of autophagy and ER stress response pathways (Ogretmen, 2018). Ceramide can
also directly activate the promoter of the acid ceramidase (ASAH1) gene, whose protein
product hydrolyzes ceramide to sphingosine. Sphingosine can be recycled into ceramide but
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can also serve as substrate for sphingosine kinases that through phosphorylation generate
sphingosine-1-phoshate that functionally opposes ceramide. We have shown that ASAH1 is
transcriptionally induced in PGCC and elevated at the protein level (White-Gilbertson et al.,
2019). However, the function of the bioactive lipids ceramide and sphingosine-1-phosphate
in PGCC remains to be studied in detail.

Stressors encountered in the tumor microenvironment can promote PGCC formation even
without the added stress of therapy. The tumor microenvironment contains many types of
cells including fibroblasts and immune cells that closely interact with cancer cells via
extracellular signals. Compared to normal tissue the tumor microenvironment is quite
abnormal with low and uneven blood flow, elevated interstitial fluid pressure, and an often
dense and stiff extracellular matrix. The abnormal vasculature within tumors leads to
hypoxia, which promotes PGCC formation. Treatment of cells with cobalt chloride is used
to model the effects of hypoxia 7 vitro. This model has been used extensively to
demonstrate the formation of PGCC (Lopez-Sanchez et al., 2014; S. Zhang, Mercado-Uribe,
Hanash, et al., 2013; S. Zhang, Mercado-Uribe, & Liu, 2013; S. Zhang, |. Mercado-Uribe, Z.
Xing, et al., 2014). To mimic the pressure that cells encounter in the tumor interstitial fluid,
Arun and co-workers recently used simulated microgravity and demonstrated this also
increased formation of PGCC (Arun, Sivanesan, Patra, Varadaraj, & Verma, 2019). We
found that subcutaneous implantation of PPC1 prostate cancer cells resulted in tumors that
had a significantly higher PGCC content than the parental line when propagated in vitro
(White-Gilbertson, unpublished observation). Thus the stress encountered in the tumor
microenvironment appears sufficient to promote the PGCC subpopulation. This idea is
supported by a study in which repeated cycles of /n vivo selection for metastatic potential
coincided with enrichment for PGCC in castration resistant PC3 prostate cancer cells (L.
Zhang, Wu, & Hoffman, 2015).

In summary, PGCC can develop through the influence of stress inherent in the tumor
microenvironment, which may explain why these cells are sometimes detected in patients
who have not yet undergone any form of cancer therapy. Cancer therapies can exacerbate the
stress and further promote PGCC formation. Additionally, the PGCC state itself is a source
of stress, and madifications to cellular structure and metabolism are required to
accommodate the extreme size of the cells. Consequently, cancer cells adapt to stressors
through increased genomic instability, dedifferentiation, stemness, and epithelial-
mesenchymal transition, which are associated with treatment resistance and metastasis.

Dedifferentiation and stemness—As mentioned earlier, polyploidy is not commonly
encountered in mammalian cells as they typically have a diploid genome and proliferate via
mitosis. Polyploidy in humans is limited in differentiated cells of muscle, liver, or cells of
the macrophage or trophoblast lineages. However, at less differentiated stages, such as the
blastomeres present during early embryonic development, polyploidy is more routine (Chen
et al., 2019). The pioneering cancer researcher Robert Weinberg once stated that “deadly
secondary tumors happen when cancer cells don’t act their age”, referring to their ability to
resurrect programs that occur during embryogenesis (Bourzac, 2007). Although Weinberg
was talking about epithelial-mesenchymal transition, the statement also applies to polyploid
cancer cells. In 2018, elegant work by Niu, et al. demonstrated that PGCC recapitulate a
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blastomere-like phenotype (Niu et al., 2017). The formation of PGCCs requires a
remarkable de-differentiation and reversion to an embryonic stage, which is discussed in
detail in several publications by Jinsong Liu, whose recently proposed “life code” theory
highlights the parallels between the origins of human life and tumor development (Chen et
al., 2019; J. Liu, 2018, 2019). Briefly, the life code theory posits that cellular stress
reactivates embryonic developmental stages and that PGCC, which are observed in nearly
40% of solid tumors, are the somatic equivalent of blastomeres.

To demonstrate stemness properties of PGCC, Niu et al. examined the phenotype of cells
generated following paclitaxel treatment (Niu et al., 2017). In addition to PGCC, recovering
cultures contained mixtures of budded daughter cells that resembled epithelial cells,
fibroblasts, mixtures of epithelial and mesenchymal cells, neurons, and very small spore/
yeast-like cells. This plasticity has now been demonstrated in PGCC derived from various
tumor cell origins. For example, PGCC derived from ovarian cancer cells can be
differentiated into adipose tissue, cartilage, or bone (S. Zhang, I. Mercado-Uribe, Z. Xing, et
al., 2014). Breast cancer PGCCs derived following paclitaxel stress were capable of
differentiation into cells found in the tumor microenvironment, including myoepithelial,
endothelial, and erythroid cells (S. Zhang, Mercado-Uribe, & Liu, 2014). Colon cancer
PGCC can also generate erythroid cells (D. Zhang et al., 2017). The formation of erythroid
cells from PGCC is of particular interest, since erythroid cells in adults develop from
hematopoietic stem cells in the bone marrow. However, during early embryonic development
when mature erythrocytes are absent, oxygen can be obtained through the formation of
blood islands that contain embryonic hemoglobin and this program may be re-activated in
PGCC. PGCC have been shown to generate erythrocytes that express fetal and embryonic
hemoglobins, which bind oxygen with high affinity, and likely provide PGCC with
significant survival advantages in the tumor microenvironment (S. Zhang, Mercado-Uribe, &
Liu, 2013). It has been suggested that this mechanism of vascular mimicry could explain the
relative ineffectiveness of anti-angiogenic therapies in cancer patients (Lupo et al., 2016;
Yang et al., 2018).

PGCC can also express various embryonic markers in a temporal manner. When benign
mullerian epithelial cells are immortalized with H-Ras, the resulting PGCC subpopulation
could be grown as spheroids that expressed the self-renewal markers OCT4, Nanog, and
SOX-2 (S. Zhang, Mercado-Uribe, Sood, Bast, & Liu, 2016). In PGCC derived from ovarian
cancer cells following paclitaxel treatment expression of these markers as well as SSEA1
was also detected (Niu et al., 2017). Marker expression occurred in a temporal fashion with
SSEAL1 expression limited to subnuclei and cytoplasm beginning on day 1 and decreasing by
day 14. OCT4 expression appeared on day 3 and remained expressed until day 14 in a subset
of nuclei, whereas Nanog and SOX2 expression were detected as early as day 1 but also
remained activated until day 14 in a subset of PGCC. Having observed earlier that PGCC
appear post-chemotherapy, the group next determined if these markers are detected in
clinical specimens. None of the pre-therapy specimens were positive for OCT4 or Nanog
and only 2/38 stained positive for SOX2, whereas post-chemotherapy samples had increased
staining of all markers (3/38 OCT4; 12/38 Nanog; 17/38 SOX2)(Niu et al., 2017). In
addition, nuclear expression of YAP, a critical Hippo pathway protein involved in the
regulation of stem cells and cancer development, was detected in 3/38 cases post-therapy

Adv Cancer Res. Author manuscript; available in PMC 2021 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White-Gilbertson and Voelkel-Johnson Page 12

(Niu et al., 2017). Nuclear localization of YAP was also observed in PGCC forming in
response to simulated microgravity (Arun et al., 2019). The expression of embryonic stem
cell markers in a subset of post-chemotherapy tissues supports the theory that PGCC have
undergone dedifferentiation to a primitive stage. Rohnalter and co-workers studied the
emergence of PGCC in ovarian cancer cells and also found that PGCC exhibited features of
stemness as well as a pro-inflammatory secretory phenotype (Rohnalter et al., 2015).

Stem cells are defined by their potential for self-renewal and pluripotency. According to the
cancer stem cell hypothesis, tumors contain a rare and distinct subpopulation of cancer stem
cells (CSC) with self-renewal potential and the ability to regenerate the tumor. The broadly
expressed CSC markers CD133 and CD44 have been detected in tumors established from
PGCC (S. Zhang, I. Mercado-Uribe, Z. Xing, et al., 2014). PGCC that developed in response
to simulation of interstitial fluid pressure included cells that were dual positive for CD133/
CD44 (Arun et al., 2019). In nasopharyngeal cancer cells, the majority of CD133* cells are
small but co-existed with a subpopulation of large polynuclear cells (Jiang et al., 2015).
Scanning electron microscopy showed that the large CD133* cells had “indefinite, regular
small bodies on the surface of or surrounding the giant cancer cells some of which appeared
to be creeping out of the parental cells”. This phenomenon was not seen in the CD133~
population and, after ruling out the possibility that protrusions are apoptotic bodies and
performing acridine orange staining, the authors concluded that what they observed was
neosis from CD133* PGCC (Jiang et al., 2015) . Even such standard markers are not
definitive, unfortunately. Our own examination of PGCC derived from the prostate cancer
line PPC1, which already constitutively express CD44, showed that expression of CD133
was not induced, underlining the difficulty of developing a generalized panel of markers for
PGCCs (White-Gilbertson et al., 2019)

By definition transplantation of a single CSC should be able to form a new tumor. A study
investigating the fate of single PGCCs in a syngeneic fibrosarcoma mouse model showed
that the efficacy by which a single PGCC was able to establish a tumor was about 10 times
higher than that of mononuclear cells (13/60 injections vs. 1/40 injections) (Weihua et al.,
2011). Similar results were obtained by Zhang and co-workers who demonstrated that a
single PGCC forming spheroids /n vitrowas capable of generating tumors in
immunodeficient mice (S. Zhang, I. Mercado-Uribe, Z. Xing, et al., 2014). Investigation of
cancer relapse in a syngeneic rat model of colon cancer using cisplatin treatment showed
that following initial tumor regression, residual tissue contained large multinuclear cells with
a senescent phenotype (Puig et al., 2008). Similar to human patients, the rats relapsed and
were unresponsive to subsequent therapy. Recapitulation of this scenario /n vitro revealed
that PGCC remain viable and senescent for as long as two months and that a small fraction
of these (estimated at 10~ to 107°) produced “escape cells”. Isolation of PGCC by flow
cytometry clearly demonstrated that “escape cells” were derived from PGCC (Puig et al.,
2008). These studies indicate that a single PGCC has the capacity to form a tumor but that
this capacity is not present in every PGCC. Thus there is overlap but not congruency
between CSC and PGCC, indicating that the relationship between PGCC and CSC remains
to be defined.
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Epithelial Mesenchymal Transition and metastasis—Epithelial-mesenchymal
transition (EMT) is a process by which stationary epithelial cells lose their cell polarity and
adhesion and gain the motile behavior of mesenchymal cells, which in cancer contributes to
metastasis. EMT is characterized by loss of epithelial markers such as E-cadherin and the
gain of mesenchymal markers like vimentin, N-cadherin, or expression of transcription
factors such as SNAIL and SNAI2. Other EMT players include B-catenin, ZEB1 and the
transcription factor TWIST. Multiple studies indicate a role for EMT in PGCC and neosis.
For example, PGCC derived tumors exhibit a mesenchymal phenotype (S. Zhang, I.
Mercado-Uribe, Z. Xing, et al., 2014). PGCC progeny have reduced expression of epithelial
markers and acquire the mesenchymal phenotype associated with tumor progression and
metastasis (S. Zhang, Mercado-Uribe, Hanash, et al., 2013; S. Zhang, I. Mercado-Uribe, &
J. Liu, 2014; S. Zhang, I. Mercado-Uribe, Z. Xing, et al., 2014). For example, vimentin
and/or ZEB were upregulated in PGCC derived from ovarian cancer following hypoxia
simulation (S. Zhang, Mercado-Uribe, Hanash, et al., 2013). ZEB1 is also upregulated in
prostate cancer cells following docetaxel exposure (Lin et al., 2019). The multi-stage process
of PGCC formation and neosis has been studied over an extended time frame in ovarian
cancer cells treated with carboplatin (Rohnalter et al., 2015). After an initial phase of cell
death, cultures enter a stationary phase during which more than 80% of cells are PGCC that
strongly express p21, which is followed by neosis accompanied by upregulation of stemness
markers and EMT over several weeks with the eventual emergence of a mitotic population
that is migratory and chemoresistant. Similarly, in triptolide-induced PGCC, progeny
differentially expressed EMT proteins. While post-treatment cells initially had lower
proliferation, migration, and invasion rates than parental cells, these properties increased
with time and significantly exceeded parental cell characteristics by passage 10 (Wang et al.,
2019). Similar mechanisms could be underlying the observation that B16 melanoma PGCCs,
which were artificially generated /n vitro through a modified PHA-electronic fusion method,
are initially less proliferative but exhibit an increased tendency to form lung metastases (Mi
etal., 2016). In the B16 melanoma model, bioinformatic analysis of PGCC revealed an
upregulation in the B-tubulin gene group, especially TUBB2B (Mi et al., 2016). TUBB2
mMRNA also increases in response to vinblastine with preferential accumulation of the
protein around the nucleus (Arai, Matsumoto, Nagashima, & Yagasaki, 2006). Although
PGCC have increased cytoplasmic and nuclear stiffness as well as slower velocity than
diploid counterparts, their higher directional persistence resembles the behavior of migratory
fibroblasts rather than diploid cancer cells (Xuan et al., 2018).

Therapeutic approaches to target PGCC and neosis

Multiple studies and reviews have alerted the scientific community about therapy-induced
PGCCs and called for eliminating this small but dangerous subpopulation but the means to
identify PGCC and strategies to clinically target these cells have been elusive (Amend et al.,
2019; Chen et al., 2019; Mirzayans, Andrais, Scott, Wang, & Murray, 2013; Niculescu,
2019; Ogden et al., 2015; Rajaraman, Guernsey, Rajaraman, & Rajaraman, 2006; Rajaraman
et al., 2005; Vitale et al., 2011; Yang et al., 2018; D. Zhang, Wang, & Zhang, 2014). While
dedifferentiation increases resistance to traditional cancer treatments, the stress-induced
adaptations may also create new vulnerabilities that open the possibility for innovative

Adv Cancer Res. Author manuscript; available in PMC 2021 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White-Gilbertson and Voelkel-Johnson Page 14

clinical trials. Recent research has suggested that targeting of PGCC or neosis may be
possible through immunological or pharmacological approaches.

Immunological approaches

Studies in mice have shown that polyploid cells from p53-deficient animals are tumorigenic
while the corresponding diploid cells are not (Fujiwara et al., 2005). Using a colon
carcinogenesis model, Guido Kroemer’s laboratory demonstrated that tetraploid p53-
negative colonocytes formed neoplastic lesions only in immunocompromised mice,
suggesting that the abnormal cells may be recognized through an immunosurveillance
mechanism (Boileve et al., 2013). In a separate study the group demonstrated that
polyploidy increases ER stress and results in surface expression of the ER-resident protein
calreticulin, which is one of the damage-associated molecular patterns (DAMP) that alert the
immune system to cells that appear “foreign” and to eliminate them via an immunogenic cell
death mechanism (Senovilla et al., 2012). Peptides that are specifically associated with
immunogenic cell death were identified through mass spectrometry but injection of these
peptides did not elicit a growth-inhibitory tumor immune response. Therefore the enhanced
immunogeniticity of polyploid cells is likely due to increased adjuvanticity rather than
antigenicity (Bloy et al., 2017).

Pharmacological approaches

The growing understanding of PGCC bhiology has led to consideration of how to design
targeted treatments. One group suggests targeting centrosomes, which are an integral part of
PGCC formation (Erenpreisa, Cragg, Salmina, Hausmann, & Scherthan, 2009). Several
studies show recent progress in this area but to the best of our knowledge these drugs are not
in clinical use (Choe et al., 2018; Johannes et al., 2015; Koo et al., 2017; Pannu et al., 2014;
Thomopoulou et al., 2016). A recent paper has suggested that the commonly used diabetic
drug metformin could preferentially disrupt the metabolic needs of PGCC (Sirois et al.,
2019). Here we will focus on two targets that have translational potential in the near future.

As discussed in the “Cell cycle checkpoint dysregulation” section above, CDK?2 activation is
an important player in the duplication of the genome. CDK2 is inhibited by mifepristone, a
drug typically used as part of an emergency contraception cocktail (Goyeneche, Seidel, &
Telleria, 2012). Mifepristone, which is preferentially detrimental to undifferentiated cells,
also appears to block a critical aspect of PGCC biology (Kapperman, Goyeneche, & Telleria,
2018). Because the drug is relatively safe, a clinical trial is currently underway to test the use
of mifepristone as a salvage therapy for lung cancer patients who have failed at least two
previous chemotherapy regimens (NCT02642939). The primary outcome measures of this
Phase Il clinical trial are overall survival and quality of life. However, the underlying
biology for improved overall survival could be due to inhibition of the PGCC cycle that
would otherwise drive the progression of their disease (Kapperman et al., 2018). Results for
this trial will not be available until 2021, but the trial design could be emulated quickly.
Where possible, analysis of PGCCs could be added as an experimental objective.

It may also be possible to target sphingolipid metabolism. Drugs specifically aimed at
enzymes in the sphingolipid pathway have entered the clinic (NCT03377179,
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NCT02834611) but have not yet been studied from the perspective of their effect on PGCCs
or neosis (Britten et al., 2017). As mentioned in the “Stress responses” section, upregulation
of the sphingolipid enzyme ASAH1 occurs as a consequence to the rise in ceramide levels
following chemotherapy and radiation. We have shown that while inhibition of ASAH1 has
no effect on the formation of PGCC, it significantly inhibits neosis. Interestingly, like
mifepristone treatment, inhibition of ASAH1 is also preferentially detrimental to
undifferentiated cells yet fairly safe for developed organisms (Eliyahu, Park, Shtraizent, He,
& Schuchman, 2007; Eliyahu, Shtraizent, Shalgi, & Schuchman, 2012). The parallel
vulnerabilities of early embryonic development and PGCC physiology are a promising
avenue of exploration, and multiple lines of investigation suggest that ASAH1 is potentially
a key target. Interfering with ASAH1 expression or function eliminated the tumor-initiating
subpopulation within melanoma and glioblastoma cultures (Doan et al., 2017; Lai et al.,
2017). Inhibition of ASAH1 also completely abrogated relapse after radiation therapy in a
prostate xenograft model, suggesting that the subpopulation responsible for regrowth was
eliminated by ASAH1 inhibition (Cheng et al., 2013).

Since specific inhibitors of ASAHL1 are not yet clinically available, we recently became
interested in the possibility of repurposing FDA approved drugs reported to have off-target
effect on the enzyme (Voelkel-Johnson, Norris, & White-Gilbertson, 2018). One such drug
is tamoxifen, which is typically used as maintenance therapy in pre-menopausal women to
reduce relapse in breast cancer (Morad et al., 2013). Although the intended use of tamoxifen
is inhibition of estrogen and progesterone signaling, the off-target effect on ASAH1 may be
an underappreciated aspect of the drug. We studied breast cancer survivors who developed
second (non-breast) malignancies, and compared the outcomes of these second cancers
between women who were taking tamoxifen for the original breast cancer and those who
were not. The results showed that tamoxifen was an independent predictor for longer
survival for the second cancers, suggesting an important tamoxifen effect that operates
independently of estrogen signaling (White-Gilbertson et al., 2020). A brief report that
describes long-term remissions in metastatic melanoma when tamoxifen was provided as
maintenance therapy following chemotherapy supports this idea (Metzner et al., 2011).
However, the success of tamoxifen in other clinical trials has been limited, which may be
due to clinical trials design that likely assumed drug activity against bulk tumor that
primarily consists of diploid cancer cells (Beguerie, Xingzhong, & Valdez, 2010; Broniscer,
Leite, Lanchote, Machado, & Cristofani, 2000; Morad & Cabot, 2015). We suggest that
clinical trials be designed to combine anti-mitotic therapies aimed at diploid cancer cells
with tamoxifen to target neosis of PGCC.

CONCLUSIONS AND FINAL REMARKS

This review outlined some of the challenges and needs of the emerging field of PGCC
research. Recurrent cancer is generally more aggressive, metastatic, and treatment resistant
than the original disease, and PGCC may be driving these adverse characteristics. If
embryonic-like PGCCs exemplify the functional unit underlying cancer relapse, then
designing therapies that target this subpopulation requires innovation both in the lab and in
clinical trials. Researchers must trace the biological underpinnings of the PGCC plasticity
over time and create nomenclature to facilitate precise discussions. Clinical trials to study
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PGCC will necessarily focus on relapse rather than initial treatment response, requiring long
term studies and engaged pathologists armed with truly specific markers to help correlate the
appearance of PGCC to outcome. If the vulnerabilities of PGCC can be targeted, many
patients may be spared the difficult news that their cancer has returned. Importantly the
approach of targeting embryonic vulnerabilities of PGCC may spare somatic, diploid cells
allowing clinicians to do great good without simultaneously doing great harm. The field is at
an exciting moment, when bench-to-bedside research has the potential to make a difference
in the lives of many cancer patients. For those who are interested in further reading, we
suggest three seminal papers that describe neosis (Erenpreisa et al., 2011; Sundaram,
Guernsey, Rajaraman, & Rajaraman, 2004) and the self-renewing nature of giant cells and
proposed a life cycle for these cells (Niu et al., 2016)
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Figure 1. The generation and fate of PGCCs.
Cancer cells (top, center) stressed by factor such as hypoxia, chemotherapy, or radiation can

undergo a complex series of adaptations resulting in a large, multinucleated morphology.
The process of adaptation may offer clues about possible markers for PGCC. The factors
that determine the ultimate fate of PGCC are currently unknown. PGCC may produce a new
generation of malignant mitotic cells through neosis. Progeny can differentiate into different
types of cells, including erythroid-like cells that facilitate the binding of oxygen and
contribute to vascular mimicry or osteoclast-like cells that facilitate migration of tumor cells
by lysis of the dense stroma. Some PGCC may also become permanently senescent or
undergo death through mitotic catastrophe. The eventual fate of PGCC in a given cancer
patient may closely relate to the clinical outcome.
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Table 1.

A sampling of literature with referencesto functional PGCC using varied ter minology.

The presence of polynuclear cells with pluripotent and malignant potential have been reported for many years,
yet a cohesive field of shared terminology is only beginning to appear. These references represent some of the
papers that form a large but sporadic body of work that underlies the emerging PGCC field.

Termin use

Primarily
used by

Site (reference)

PGCC: Polyploid Giant
Cancer Cell *

Cell biologists

Breast (K. Liu et al., 2019; Lopez-Sanchez et al., 2014; Sirois et al., 2019; Wang et al., 2019;
Xuan et al., 2018)

Colorectal (Arun et al., 2019; Fei, Li, et al., 2019; Fei, Zhang, et al., 2019; D. Zhang et al.,
2017; S. Zhang, Zhang, Yang, & Zhang, 2016)

Glioma (Qu, Zhang, Rong, He, & Zhang, 2013)

Lung (Glassmann et al., 2018; White-Gilbertson et al., 2019)

Ovarian (K. Liu et al., 2019; Lv et al., 2014; Niu et al., 2017; Niu et al., 2016; Rohnalter et al.,
2015; Wang et al., 2019; L. Zhang et al., 2014; S. Zhang, Mercado-Uribe, Hanash, et al.,
2013; S. Zhang, Mercado-Uribe, & Liu, 2013; S. Zhang, Mercado-Uribe, et al., 2016)
Prostate (Lin et al., 2019; White-Gilbertson et al., 2019)

ETC: Endopolyploidy
Tumor Cells polyploid/
polyploidizing/
depolyploidizing

Cell biologists

Breast (Puig et al., 2008)

Colon (lanzini et al., 2009; Puig et al., 2008)

Cervical (Erenpreisa et al., 2009; Erenpreisa et al., 2008; Erenpreisa et al., 2011; lanzini et al.,
2009; Schwarz-Finsterle et al., 2013)

Lung (Rohnalter et al., 2015)

Lymphoma (Erenpreisa et al., 2009; Erenpreisa et al., 2008; Erenpreisa et al., 2011; Kalejs et
al., 2006)

Ovarian (Rohnalter et al., 2015)

MN/PG: MultiNucleate/
Polyploid Giant

MNGC: MultiNucleated
and Giant Cells

MOGC: MOnonucleated
Giant Cells

MP: Multinucleated
Polyploid Giant MP: Giant
Multinucleated Polyploid
MGC: Multinucleated
Giant Cells

GCC: Giant Cancer Cells

Cell biologists
Or
pathologists

Cervical (Erenpreisa et al., 2005; Sundaram et al., 2004)

Colon (Mirzayans, Andrais, Scott, et al., 2017)

Glioblastoma (Kaur et al., 2019; Kaur et al., 2015; Ogawa et al., 2019; Oh et al., 2016)
Lymphoma (Erenpreisa et al., 2005)

Nasopharyngeal (Jiang et al., 2015)

Neuroblastoma (Sundaram et al., 2004)

Pancreas (Hasegawa et al., 2017)

Prostate (Mittal et al., 2017; L. Zhang et al., 2015)

Renal (Faragalla, Al-Haddad, Stewart, & Yousef, 2010; Sundaram et al., 2004)
Salivary gland (Daneshbod, Khademi, Kadivar, & Ganjei-Azar, 2008) Thyroid (X. Zhang et
al., 2018)

Monster Monstrocellular

Pathologists

Brain (Gherardi et al., 1986; Palma, Celli, Maleci, Di Lorenzo, & Cantore, 1989)

Skin (Boyd, Wu, & Shyr, 2005; Defty, Segen, Carter, Ahmed, & Carr, 2011; Hawryluk,
Baran, Gerami, & Sepehr, 2013; Pouryazdanparast, Newman, Mafee, Guitart, & Gerami,
2009)

OGC: Osteoclast-like
Giant Cells
Osteoclast-like

Pathologists

Breast (Albawardi, Awwad, & Almarzoogi, 2014; Pena-Jaimes et al., 2018)

Bowel sarcoma (Friedrichs et al., 2005)

Pancreas (Hoorens, Prenzel, Lemoine, & Kloppel, 1998; Jo, 2014; Luchini et al., 2018;
Matsubayashi et al., 2019; Sekulic et al., 2016)

Skin (Chung, Wolpowitz, Scott, Gilmore, & Bhawan, 2016; Wasserman et al., 2015)
Thyroid (Gaumann et al., 2001)

Pleomorphic
Anaplastic
Syncytial-type

Pathologists

Carcinoma, NOS, (Caruso et al., 2011)

Prostate (Alharbi et al., 2018)

Pancreas (Bergmann et al., 2010)

Renal (Williamson et al., 2014)

Thyroid (Deeken-Draisey, Yang, Gao, & Alexiev, 2018; Gaumann et al., 2001)

*
term of growing consensus
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