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Abstract

Recent data suggest that most genotoxic agents in cancer therapy can lead to shock of genome
and increase in cell size, which leads whole genome duplication or multiplication, formation of
polyploid giant cancer cells, activation of an early embryonic program, and dedifferentiation of
somatic cells. This process is achieved via the giant cell life cycle, a recently proposed mechanism
for malignant transformation of somatic cells. Increase in both cell size and ploidy allows cells

to completely or partially restructures the genome and develop into a blastocyst-like structure,
similar to that observed in blastomere-stage embryogenesis. Although blastocyst-like structures
with reprogrammed genome can generate resistant or metastatic daughter cells or benign cells

of different lineages, they also acquired ability to undergo embryonic diapause, a reversible state
of suspended embryonic development in which cells enter dormancy for survival in response to
environmental stress. Therapeutic agents can activate this evolutionarily conserved developmental
program, and when cells awaken from embryonic diapause, this leads to recurrence or metastasis.
Understanding of the key mechanisms that regulate the different stages of the giant cell life cycle
offers new opportunities for therapeutic intervention.
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Introduction

Despite limited successes in certain subtypes of cancer, the death rates associated with most
late-stage cancers remain high. Many cancers quickly acquire resistance to drug therapy.
Others show a remarkable initial clinical response, such that the patient is considered
“cancer-free,” but many of these cancers have actually gone dormant and can then recur or
metastasize after months and even years [1-7]. Despite intensive studies of these dormant
cells over the past few decades, the mechanisms that allow these cells to become dormant
and re-awaken for recurrence or metastasis are largely unknown. Dormancy has been listed
as one of nine cancer “grand challenge problems” for which the National Cancer Institute
and Cancer Research UK have called for an international effort to address [8].

Although long ignored, polyploid giant cancer cells (PGCCs) have recently become
recognized as a culprit for cancer initiation, therapeutic resistance, and metastasis [9-16].
The origin of cancer is remarkably similar to early embryogenesis and can be explained by
the newly proposed “life code” theory [11, 12, 17]. Multiple excellent reviews from various
authors have been devoted to this topic recently and highlight the excitement of this new
field of cancer biology [9-29]. In this review, we focus on developmental aspects of PGCCs
and their relationship with normal embryogenesis and embryonic diapause, an evolutionarily
conserved suspension mechanism for embryonic development at the blastocyst stage. We
discuss how the development of PGCCs leads to the generation of blastocyst-like structures
that can then undergo dormancy, leading to therapy resistance, recurrence, and metastasis.
We also discuss challenges and opportunities for cancer therapy along different stages of the
giant cell life cycle.

Blastocyst formation and embryonic diapause

The egg cell is the largest cell in humans. Following fertilization by sperm, the zygote within
the zona pellucida undergoes progressive cleavage to form 2-cell and 4-cell blastomeres
with progressively decreased cell size and increased nuclear:cytoplasmic ratio to activate
the embryonic genome. The blastomeres at the 8- to 16-cell stage then compact to form

the morula. The morula then develops into the blastocyst, which hatches out from the

zona pellucida and implants into the uterus for normal embryonic development. The
detailed embryogenesis mechanism and embryo-specific heredity explained by Barbara
McClintock is described in an accompanying paper [17]. The giant egg cell and the
associated compaction and morula stages are not commonly classified by embryologists

as examples of classic polyploidy. However, compacted embryonic cells or morulae with
high nuclear content within the defined space formed by the zona pellucida activate the
embryonic program and develop into a blastocyst composed of the trophectoderm and inner
cell mass. The life cycle of PGCCs has been shown to recapitulate this embryonic process
for malignant transformation of somatic cells [11, 12].

Reproduction is a costly process in terms of energy requirements, and it is beneficial to have
ideal conditions such as adequate food, regulated temperature, and all previous offspring
weaned to ensure survival of the developing offspring before giving birth. Embryonic
diapause is a period of suspension in blastocyst development following fertilization in
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response to a variety of environmental stresses [30, 31]. Diapause can occur in mammals

or insects in response to unfavorable biological and/or environmental conditions that could
represent a risk to the mother’s life. In many mammalian species, development of the early
embryo ceases or implantation is delayed, but although the embryo stops proliferating,

it remains viable for a short period [30]. Although this was initially considered a rare
phenomenon, increasing evidence has shown that this may be a general mechanism in much
of the animal kingdom in response to an unfavorable environment [30, 31]. Depending on
the species, this delay can range from a few days to 11 months.

Diapause is extremely common in insects and includes several distinct phases [32, 33].
Before the process of diapause begins, the insect undergoes pre-diapause, which includes
induction and preparation. The pre-diapause induction phase occurs at a genetically
predetermined stage of life; insects are responsive to external cues that trigger the

switch from direct development pathways to diapause pathways. During the pre-diapause
preparation phase, insects accumulate and store molecules such as lipids, proteins, and
carbohydrates to provide fuel for developmental diapause.

The process of diapause includes initiation, maintenance, and termination phases [33]. The
initiation phase of diapause often starts when the insects begin to aggregate, migrate, or
search for suitable overwintering sites. During the maintenance phase of diapause, insects
have low metabolic activity and arrested development, and the insects are unresponsive to
changes in the environment. The termination phase begins following certain stimuli such
as chilling, freezing, or contact with water, and then development can resume over time.
The termination phase of diapause is often followed by a state of quiescence [33], which
provides a transition period until full development resumes, should conditions change to
become more favorable.

3. PGCCs as somatic “blastomeres™

PGCCs have been long observed pathology and described in pathology textbook for medical
students [34]. PGCCs can contain a single giant nucleus or multiple nuclei, referred to as
mononucleated PGCCs or multinucleated PGCCs, respectively. The nuclei in PGCCs are
usually irregularly shaped. PGCCs are commonly found in high-grade cancers (Fig. 1). At
the histopathologic level, PGCCs can be observed at different stages of their life cycle.
PGCCs may be mononucleated (Fig. 1A). Nuclear replication within the giant cell can be
asynchronous. As shown in Fig. 1B, part of the nucleus can undergo condensation (Fig.

1B, red arrow) while the remaining part of the giant nucleus can be cleaved into small
nuclei of various sizes (Fig. 1B, black arrows). Or, the giant part of the nucleus can undergo
multipolar open mitosis (Fig. 1C, red arrow) while other parts of the nucleus at different
stages of chromosomal condensation to undergo karyokinesis and form nuclei (Fig. 1C,
black arrows). The giant nucleus can undergo multipolar mitosis with complete breakdown
of nuclear membrane (Fig. 1D), followed by complete karyokinesis with individually
separated nuclei within the giant cancer cell without cytokinesis (Fig. 1E). In addition,

the nuclei within giant cells display different levels of proliferative activity. As shown in

a representative example in Fig. 1F, immunohistochemical staining for proliferative Ki-67
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antigen shows positive staining in small daughter nuclei (black arrows) but negative staining
in giant nuclei (red arrow).

The generation of nuclear atypia in PGCCs represents the most important hallmark of
cancer in diagnostic pathology [34]. PGCCs are generated via whole genome duplication

or multiplication, in which the whole genome is reshaped in response to sudden and
unexpected catastrophic genomic shock, a hereditary principle described by Nobel Laureate
Barbara McClintock [35]. This process mimics early embryonic development [17, 35]. A
high nuclear grade largely correlates with more copies of genomic DNA, which allows
cells to acquire nuclear pleomorphism. These traits often form the basis of a pathologic
cancer diagnosis and are used to predict clinical behavior [36]. The presence of PGCCs

in cancer tissues usually signals a high grade and poor prognosis [36—38]. PGCCs have
been observed in approximately 37% of human tumors [39]. The number of PGCCs may be
significantly increased following chemotherapy, radiotherapy, and hypoxia mimetic CoCl,
[40]. PGCCs contribute to cancer-acquired therapeutic resistance in multiple cancer types,
including ovarian [41, 42], prostate [43, 44], breast [37, 38, 45, 46], and colorectal cancers
[47] and melanoma [48].

Traditionally, PGCCs were considered nonviable owing to their inability to execute mitosis
and therefore have been largely ignored. However, we and others have observed that PGCCs
can rejuvenate themselves via multiple modes of amitotic division, including budding,
splitting, and burst-like division, similar to processes observed in primitive organisms such
as fungi or protozoa [42, 49-53]. These PGCCs can further develop into blastocyst-like
structures and generate a variety of high-grade cancers without proper differentiation

[11, 12, 17]. PGCCs can generate daughter cells via this amitotic budding to generate
blastomere-like cancer stem cells, which leads to the formation of blastocyst-like structures
that are capable of tumor initiation and aberrant differentiation of different lineages [41,

42, 54-57]. Therefore, cancer can be considered as a disease in which “development” goes
awry and arrests at a specific developmental stage, resulting in cells that do not differentiate
into the appropriate cells for a specific organ site. This can occur at any timepoint of
development following implantation of a blastocyst in the uterus, or it may occur as part of
the somatic cell derived embryogenesis without proper differentiation [11, 12, 17]. These
findings have fundamentally changed our understanding of PGCCs and open a new door for
investigation of the cancer biology and therapeutic implications of PGCCs.

4. The giant cell life cycle and dormancy

To further delineate the detailed cellular mechanism underlying PGCC growth and division,
we used fluorescent protein—labeled single-cell time-lapse images to track the dynamic
processes of mitotic spindle and chromosome formation in PGCCs [53]. The fluorescence-
labeled chromosomes and tubulin provided a detailed live image view of the production of
daughter cells at the subcellular structure level and defined the life cycle of PGCCs, which
is called the giant cell life cycle (or giant cell cycle). The giant cell life cycle is asexual and
represents the very beginning of development, generating neoplastic life using mechanisms
similar to those of early embryogenesis [53, 54].
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One of major questions that have not been addressed in cancer biology involve the

concept of dormancy. Why would some patients have disease that responds to therapy
initially but then becomes dormant and recurs many months or years later? What is

the relationship between dormancy and PGCCs? What mechanisms awaken the dormant
cancer cells for recurrence or metastasis? We propose that dormancy in cancer can be
explained by the giant cell life cycle, which can generate blastocyst-like structures capable
of embryonic diapause similar to that observed insects and mammals [32, 33, 58, 59]. Here
we describe each phase of the giant cell life cycle and compare it to phases of normal

early embryogenesis and embryonic diapause and discuss how our cancer cells use such
evolutionarily conserved mechanism for their survival under the emergency conditions posed
the genotoxic therapeutic agents [32, 33].

4.1. The initiation phase: “somatic blastomeres” for dedifferentiation

The initiation phase of the giant cell life cycle starts with massive cell death induced by
severe genotoxic damage, followed by activation of a senescence program, which plays a
critical role in this phase. The initiation phase of the giant cell life cycle is very similar

to both the induction and initiation phases of embryonic diapause in insects [32, 33]. The
senescent cells increase its size and lose their ability to divide, leading to a state of growth
arrest. However, this state of growth arrest is not permanent, as was previously believed.
Whether senescence is reversible or irreversible depends on the availability of p53 and p16
[24, 60-62]. Senescence itself promotes tissue remodeling and mediates the regenerative
potential and function of tissues, serving as a positive regulator for preventing tumorigenesis
[63-66]. The polyploid cells stop proliferating but remain metabolically active and viable in
a “dormant” state [67].

Following therapy-induced genomic shock, a subset of cancer cells that have survived

the genotoxic damage and entered a reversible senescent state transform into polyploid
cells, and these cells exhibit several characteristics of senescence, including p-galactosidase
expression and flattened morphology. The increase in cancer cell size shuts down the
traditional mitotic cycle and prepares the cell for endoreplication to initiate the giant cell life
cycle [53].

4.2. The self-renewal phase: erasing parental memory

The self-renewal phase occurs when surviving cells have become PGCCs via senescence
escape, a basic mechanism for survival and resistance [24]. In senescence escape, a small
minority of cancer cells successfully evades apoptosis and death, enters the S phase, and
accumulates in G2. This results in a mixed cell population consisting of cycling, cell
cycle-arrested, and senescent cells [68—70]. Other mechanisms to increase ploidy include
cell fusion and entosis [71-74]. The self-renewal phase of the giant cell life cycle is
associated with morphologic transition of diploid large senescent cells to polyploid cell
via endoreplication, either mononucleated or multinucleated, and these cells can further
develop and form a cystic structure within the giant cells to acquire the ability to compact,
form morulae, and exhibit blastocyst-like morphology [54] (Fig. 2). As shown in Fig. 2, the
morphologic characteristics of PGCCs as visualized by scanning electron microscopy are
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remarkably similar to those of egg cells and 4-cell and 8-cell embryonic morulae (Fig. 2A)
and blastocyst-like structures (Fig. 2B and 2C).

In the self-renewal phase, a subpopulation of cancer cells enters a state of endoreduplication
to generate mononucleated or multinucleated PGCCs [53]. These cells first replicate via

the endoreplication cycle to generate cells with a single polyploid nucleus and no features
of mitosis. Next, the cells enter endomitosis, in which cells execute abortive mitosis and
subsequently re-enter the S phase to develop multinucleated cells. This blastocyst stage
corresponds to the maintenance phase of embryonic diapause in insects [32, 33].

YAP is a vital Hippo pathway protein involved in the regulation of stem cell differentiation
and cancer development, and the multilineage differentiation potential of PGCCs depends
on nuclear localization of YAP [54, 75]. YAP has been shown to be located mainly in

the cytoplasm of regular ovarian cancer cells and daughter cells but predominantly in the
nuclei of PGCCs, and abrogation of nuclear expression of YAP was shown to decrease the
capability of multilineage differentiation in ovarian cancer [54]. In addition, PGCCs activate
the expression of cancer stem cell markers CD44 and CD133 [42, 76, 77]. Time- and
spatial-dependent activation of several embryonic cell markers, including SSEA1, OCT4,
Nanog, and SOX2, is observed during the formation of PGCCs [45, 54, 78]. Furthermore,
expression of Xist, a biomarker for inactivation of the X chromosome, was lost in PGCCs
after chemotherapy [54].

During this stage, PGCCs undergo amitotic cell division to generate different forms of slow-
proliferating polyploid cells [11, 12, 54]. The formation of polyploidy allows the initiation
of genomic chaos and macroevolution of the cancer genome to achieve dedifferentiation via
activation of embryonic reprogramming factors [53, 54]. At the genomic level, following
therapeutic stress, cancer cells undergo massive genomic reorganization via a variety of
mechanisms, including the breakage-fusion-break cycle, whole genome duplication [39, 79],
chromoplexy [80], chromathripsis [81], methylation and demethylation, and activation of
transposable elements [82, 83]. In particular, chromothripsis has been shown to be a major
mechanism for DNA amplification and drug resistance [84].

PGCCs grow autonomously with traditional mitotic checkpoints in diploid cells and develop
into compaction-, morula-, and blastocyst-like somatic embryos. From a developmental
perspective, the life cycle of PGCCs recapitulates a blastomere-like embryonic cycle, and
the resulting cells can develop into various morphological heterogeneous forms of cancer
histology for proliferative growth via mitosis to generate resistant or metastatic cancer

cells, while a subset of blastocyst-like structures potentially undergo embryonic diapause

in response to unfavorable environmental conditions [30, 31, 85, 86]. These changes work
together to erase the structure of previous cancer genomes and create a new cancer genome
for better survival [35].

4.3. The termination phase: parturition for a new “life”

The termination phase starts when PGCCs have formed a blastocyst-like structure, which
undergoes depolyploidization to generate daughter cells with largely diploid, tetraploid,
aneuploid, polyploid, or other chaotic karyotypes, which is largely like an inner cell mass
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in normal embryogenesis. Although a blastocyst is programmed for embryogenesis and
fetal development following implantation in the uterus, somatically derived PGCCs vary
significantly in terms of genomic copy number and can generate daughter cells by massive
protozoan-like budding, fungus-like bursting, or viral-like budding in the termination
phase [42]. PGCCs thus form reproductive blastocyst-like structures but without proper
differentiation [54].

The renascent embryonic-like blastocysts acquire genetic or epigenetic mutations and are
arrested at different stages of development, gradually acquiring competence in mitosis

and becoming proliferative for malignant growth [11, 12, 54]. Owing to multiple copies

of centrosomes and multipolar spindle structures in PGCCs, the fragments of genomes
reassemble in a random order, resulting in the formation of daughter cells with a massively
reorganized genome. The chromosomes are not evenly distributed into the daughter

cells, leading to high levels of chromosomal instability and a different chromosome
combination from the original parental cells [87]. These daughter cells show massive gain
or loss of partial or whole chromosomes from translocations, duplications, or deletions

of chromosomal regions [53]. The newly formed tumor cells tolerate aneuploidy and
genomic instability without death or senescence. We have shown that new chromosome
recombination occurs more frequently in daughter cells than in parental ovarian cancer cells,
indicating that daughter cells obtain new cancer genomes and are distinct from parental
PGCCs [53].

This newborn “life” comprises not only newly programmed neoplastic cells but also
supporting stroma. The stroma co-evolves with neoplastic cells via multiple endocrine and
paracrine pathways to create a range of new “organisms,” which may be malignant or
benign, resistant or sensitive to drugs, and metastatic or not metastatic. The new organisms
develop and evolve together with the microenvironment and eventually develop into a
clinically visible tumor. This phase corresponds to the termination phase of diapause in
insects [32, 33].

4.4. The stability phase: maturation into an “organism”

The stability phase is characterized by many diploid, tetraploid, or aneuploid progeny

cells with novel or altered genotypes via genomic remodeling, point mutations, or altered
karyotype or epigenetic modification after reprogramming through the giant cell life

cycle. These processes lead to stable growth of new, resistant neoplastic life. This phase
corresponds to awakening of diapause in insects [32, 33]. The reconstructed diploid cells
gradually become more stable; restart the mitotic cell cycle with bipolar, tripolar, or
multipolar mitosis [53]; and differentiate into a variety of cell types with variable levels

of developmental potency [54]. These daughter cells gradually achieve stability following
genomic reorganization, point mutations, or altered karyotype and then resume mitosis and
start proliferating. This stable growth may ensure tumor cell survival with a newly acquired
genome under “new normal” conditions.

Functionally, PGCCs behave like a blastomere-stage embryo for dedifferentiation of the
parental genome [54]. Their offspring are capable of long-term proliferation and can further
develop into resistant, metastatic, benign, and even germ cell tumors [42, 54, 56]. The
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progeny cells can grow into tumors with different histologic characteristics or grades, and
one of these subsets of progeny cells may become clonally dominant or develop a mixed
histologic type over time, which can be observed under a light microscope.

Further supporting the concept of activation of a blastomere-stage embryo via the giant cell
life cycle, Nehme et al recently described human cytomegalovirus-induced transformation
of human mammary epithelial cells, leading to a malignant formation via formation of
blastomere-like PGCCs [88]. These findings provide additional evidence that PGCCs use an
activated blastomere-stage program to achieve malignant transformation.

Differentiation of multilineage benign stromal cells in PGCCs

Developmentally, if PGCCs recapitulate the blastomere-stage embryo, they should acquire
the ability to differentiate into any lineage of tissue. Indeed, we found that PGCCs are
capable of generating not only cancer cells with new karyotypes but also multilineage
benign differentiation, including stromal fibroblasts [55], endothelial cells [41, 57],
chondrocytes, adipose tissue, embryonic erythroid cells [56], neutrophils [57], and even
germ cell lineages [54]. PGCC-derived erythrocytes bind oxygen with high affinity by
expressing fetal and embryonic hemoglobins [56]. Different components of stromal cells
provide blood flow, nutrition, and oxygen supply to cancer cells as a mechanism of vascular
mimicry, contributing to the ineffectiveness of anti-angiogenesis therapies in some cancer
patients.

The appearance of different lineages via transdifferentiation can be observed within PGCCs.
In high-grade serous carcinoma specimens exposed to chemotherapy (Fig. 3), neutrophil-like
cells, fibroblasts, erythrocytes, histiocytes, chondrocytes, and neuronal cells can be directly
observed within PGCCs. The daughter nuclei within PGCCs can go in a specific direction
while the mother nuclei retain the properties of undifferentiated cancer. These observations
indicate that different parts of nuclei have the potential for differentiation into various cell
lineages, supporting the concept that PGCCs are blastomere-like cancer stem cells with
pluripotent stemness. The specific lineage potential of a nucleus is likely to depend on the
genetic makeup of the specific tumor, its microenvironment, and type of therapeutic agents.
In addition, the lineage probably also depends on the nature and timing of the inducing
factors, although the underlying mechanisms of benign differentiation are entirely unknown.

4.6. PGCCs and metastasis

Although early studies showed that PGCCs were capable of budding and generating

viable progeny cells in vitro tissue-cultured cells [49-51, 89, 90], the role of PGCCs in
tumorigenesis and metastasis in vivo was largely unknown. The metastatic ability of PGCCs
was first identified by Weihua et al, who showed that a single PGCC was capable of
generating distant metastases in nude mice [42, 52]. Subsequently, we confirmed this finding
by showing that individual PGCCs derived from ovarian cancer cell lines were capable of
tumor initiation in nude mice. Surprisingly, in addition to the tumor initiating ability, we also
found that PGCCs were capable of multilineage differentiation including bone, cartilage,
adipose, and fibroblasts in the peritoneal cavity of nude mice [41, 42], suggesting the
embryonic-like properties are associated with PGCCs during tumor initiation and metastasis.
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Subsequently, an increased number of PGCCs was also reported in association with high
metastatic potential and resistance in prostate cancer cell lines [91].

Interestingly, several groups have reported detecting giant cells, referring to them as cancer-
associated macrophage-like cells (CAMLSs), in blood samples from patients with breast and
pancreatic cancer but not in blood samples from healthy individuals [92]. CAMLS have
been found to be associated with poor prognasis in breast, lung, and esophageal cancers
[93-95]. CAMLs express epithelial, monocytic, and endothelial protein markers and can
be potentially used as a biomarker of solid tumors. However, CAMLSs were characterized
using only fluorescence markers rather than histologic characteristics, and the relationship
between CAMLs and PGCCs remains unclear [92, 96]. It will be important to characterize
these cells at a histopathologic level to determine whether CAMLS are really macrophages
or PGCCs with macrophage-like differentiation, and whether CAMLSs are associated with
histologic characteristics of primary tumors. Functionally, it will be important to determine
whether CAMLSs are tumorigenic or capable of metastasis in nude mice, like PGCCs. If
these atypical CAMLSs are truly PGCCs, these data would provide additional evidence that
PGCCs can shed into the bloodstream for metastasis to distant organs in patients, which
may provide a new opportunity for early detection and therapeutic intervention before the
primary tumor mass can be detected.

5. Embryonic diapause: the root of dormancy

As discussed in section 2, embryonic diapause is an evolutionarily conserved developmental
mechanism that arises in response to unfavorable environmental conditions [31, 33].
Although phases of embryonic diapause in humans have not been studied, it has been
proposed that such a mechanism is likely to exist in humans [97], given that the early phase
of embryogenesis in humans is evolutionarily conserved from insects and other mammals,
although no definite cases have been reported owing to ethical issues [97].

Unexpectedly, evidence supporting the existence of embryonic diapause-like mechanism in
humans did not come from human reproductive biologists or in vitro fertilization physicians,
but rather from cancer biologists. Recently, two independent groups reported molecular
evidence that drug-tolerant persister (DTP) cells recapitulate the transcriptional signature of
embryonic diapause [85, 86]. Rehman et al showed that all colorectal cancer cells possess an
equipotent capacity to enter a DTP state and maintain clonal complexity. These DTP-state
tumors show characteristics similar to embryonic diapause and are dependent on autophagy
and suppression of mTOR for survival [86]. Dhimolea et al showed that chemo-persister
cells have a suppressed Myc program with a diapause-like molecular adaptation, which
allows the cells to survive via reduced redox stress and an apoptotic program that can be
revised by CDK9 inhibitors [85]. This phenotype links to the well-described embryonic
diapause phenotype induced by Myc depletion, which can induce a reversible, pluripotent
diapause-like stage in blastocysts [98].

These findings strongly establish a relationship between DTP or dormant cancer cells and
embryonic diapause and support the possible existence of embryonic diapause in human
normal embryogenesis. However, these two reports did not discuss the developmental
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mechanisms and potential origins of embryonic diapause. Work on PGCCs from our group
[54] and subsequently that of Was et al [99] provided this missing link. As described in
Fig. 2, the early embryonic structures of PGCCs described in our early study provided

a developmental and structural basis to embryonic diapause. PGCCs acquire stemness
through a reprogramming mechanism mimicking the blastomere-stage embryo to generate
a blastocyst, which can diapause for dormancy in response to therapeutic stress. Thus,

the giant cell life cycle may explain dormancy via its link to blastocyst-like structure and
embryonic diapause. The activation of a blastomere-stage embryo explains the mechanism
needed to generate a malignant case of arrested development [100].

6. Warburg effect in blastomeres and cancer

The link between PGCCs and blastomere-stage embryos provides a satisfactory explanation
for a puzzling observation first reported by Warburg in 1956, known as the Warburg

effect [101]: cancer cells use glycolysis and the production of lactate rather than oxidative
phosphorylation for ATP, even though oxygen is plentiful. It has long been observed

that giant cells in pre-implantation embryos use the Warburg effect for metabolism,
similar to cancer cells [101-103]. The commonality between pre-implantation embryos
and cancer cells in terms of glucose, amino acids, and fatty acids is evident [102-104]. A
blastomere-stage embryo uses nuclear transformation for new life, and cancer cells simply
recapitulate the developmental program of a pre-implantation embryo, which represents an
evolutionarily conserved mechanism for reproduction. PGCCs most likely use a similar
Warburg effect for their metabolism.

7. An organismal model for dormancy, resistance, and metastasis

Fig. 4 shows a schematic model of the germ cell life cycle that hypothesizes diapause, along
with a schematic model of the giant cell life cycle that recapitulates embryonic diapause in
response to the therapeutic stress of cancer. In the germ cell life cycle, cell size changes

and diapause could occur following blastocyst formation, as shown in Fig. 4A. The female
primordial germ cell is set aside for gametogenesis during the second or third week of

life. During puberty, the oocyte grows in size and matures into an ovum for fertilization.
The zygote starts the blastomere cleavage and generates compaction and the morular-stage
embryo before developing into the blastocyst for development of different germ layers in
the uterus, and this blastocyst can potentially undergo embryonic diapause in response to
environmental stress.

Similarly, as illustrated in Fig. 4B, the giant cell life cycle recapitulates the size and ploidy
augmentation in the blastomere-stage embryo and develops into a blastocyst-like structure
that can undergo embryonic diapause in response to therapeutic stress. In the initiation
phase, tenacious cancer cells that survived genomic shock begin to increase in size and
undergo endoreplication and/or cell fusion to escape severe genotoxic damage. In the self-
renewal phase, these cells sequentially become PGCCs and enter a blastocyst-like state for
embryonic diapause. In the termination phase, PGCCs produce depolyploidized offspring
via genome reductional division. In the stability phase, the diploid/aneuploid progeny cells
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achieve stable tumor expansion with newly acquired genotypes. The tumor cells then return
to the mitotic cell cycle for growth and development.

PGCCs also contribute to stromal generation via a variety of mechanisms involving changes
in cell identity, most notably epithelial-to-mesenchymal transition, epithelial-to-endothelial
transition, and epithelial-to-hematopoietic transition, to generate the stromal cells needed for
tumor development. Epithelial-to-hematopoietic transition generates various tissue structures
such as lumen and glands, which provide a novel mechanism for tissue differentiation; this
mechanism plays an important role in the development of benign tumors [12].

The level of dedifferentiation can vary depending on the type of stress, duration of

stress, and type of tumor cells. The longer the period of the giant cell life cycle, the

closer dedifferentiation is to the early stage of embryonic development and the greater

the potential for tumors to be malignant and high grade. Genetically, there is significant
genomic instability in both blastomeres and PGCCs. Biologically, there are frequent mitotic
or cytokinetic failures and endoreplication during the formation of both PGCCs and
blastomeres.

Thus, the giant cell life cycle largely represents a default emergency that genome of

cells to respond to life-threatening stress that leads to a shock to the genome. Such

a massive genomic response triggered by a single catastrophic event was observed by
Barbara McClintock nearly 70 years ago [35, 105-107]. Years later, Henry Heng provided
a detailed account of how the genome responds to therapeutic stress and how this leads

to macroevolution of the cancer genome via genomic chaos in cancer [27, 108-111].

The cyclical change of cell size in giant cells, together with ploidy changes, provides

a link between embryogenesis and the macroevolution of cancer, including dormancy

via embryonic diapause. This may represent a universally conserved mechanism through
millions of years of evolution on Earth [17].

8. Targeting the giant cell life cycle

8.1.

PGCCs represent a tremendously exciting target for therapy. We and others have proposed
various strategies to target these cells [10-12, 112, 113]. Our understanding of giant cells
as progressing through their life cycle at an organismal level provides both challenges

and opportunities for therapy; each stage of the giant cell life cycle provides a potential
opportunity for therapeutic intervention (Fig. 5). The stress that can initiate the giant cell
life cycle varies by tumor histologic type, intrinsic genetic makeup, and microenvironment.
Therefore, appropriately targeted agents may be selected according to tumor type, timing of
administration, and duration of administration.

Prevention of giant cell life cycle activation: individualized induction

Clearly, therapeutic agents are a double-edged sword: they can reduce the tumor volume
by killing mitotically active cells, but they may also induce the onset of the giant cell life
cycle, which can generate resistance, metastasis, or dormancy. However, most US Food
and Drug Administration—approved drugs are designed to decrease tumor volume without
consideration of the giant cell life cycle. Changing this approach will require changing
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the assessment criteria used during the early stages of drug development. Oncologists and
investigators should consider not only tumor size but also the formation of polyploidy when
assessing the efficacy of drugs. In addition, because activation of the giant cell life cycle

is specific to the reagent, dose, and timing of treatment for each tumor, therapy should be
individualized to achieve maximum tumor cell killing with minimal or no induction of the
giant cell life cycle.

Moreover, polyploidy formation should be included in the assessment of new treatments in
clinical trials. Scribano et al demonstrated that the pre-existing chromosomal instability as
indicated by multipolar division can predict the sensitivity to paclitaxel treatment in breast
cancer [114]. Although remains to be validated, as multipolar division occurs in PGCCs,
these results raise the question whether pre-existing PGCCs can serve as a predictive
marker for paclitaxel response in breast and other cancer patients. Increasing importance
of polyploidy in cancer also call for reliable methods to quantitate the number and type

of PGCCs in cancer. Toward this end, Saini et al recently proposed an artificial intelligence—
based approach to predict therapy response in breast cancer [115]. Certainly, this type of
approach and other approaches that may predict an individual patient’s response will be
highly valuable to determine the optimal type of drug and timing of administration.

8.2. Abortion of pre-initiation: pro-senescence and senolytic therapies

Transition of senescence activation to escape is the initial phase of PGCC formation.

Thus, pro-senescence treatment that inhibits cancer cell proliferation and escape could be

a promising therapeutic strategy to suppress PGCC formation and chemoresistance [116,
117]. Selective CDKA4/6 inhibitors are currently the most promising pro-senescence drugs
associated with a high response rate in patients with breast cancer [118] and ovarian cancer
[119]. Various types of Myc inactivation also promote a cellular senescence response in
many cancers. In addition, inactivation of Myc appears to be required to induce embryonic
diapause [85, 86, 98] and keep blastocysts in a dormant state. Therefore, Myc inhibitors
may induce both senescence and diapause, and targeting Myc may serve as a beneficial
approach to drive senescence and keep PGCCs in a dormant state [120]. Following induction
of senescence in aging-prone senescent somatic cells with administration of senolytic drugs
may be effective in eliminating senescent cells [121, 122]. The combination of induction of
senescence with administration of senolytic drugs may abort the pre-initiation phase of the
giant cell life cycle, which may be effective in cancer therapy and cancer prevention.

Thura et al showed that phosphatase of generating live 3 (PRL-3), a member of a unique
family of C-terminal prenylated phosphatases within the protein tyrosine phosphatase
superfamily, can induce the formation of PGCCs [123]. PRL3+ cells express embryonic
stem cell markers OCT4 and SOX2 and have decreased levels of apoptosis in response

to genotoxic chemotherapy. Most excitingly, the antibody against PRL-3 can reduce tumor
relapse, suggesting that blocking the formation of PGCCs may prevent disease relapse.

Our most recent work suggested that the inflammatory cytokines in senescence associated
secretory phenotype play a critical role in the initiation of PGCC formation [124]. The
interleukin-6, together with multiple cytokines involved in senescence and associated
with a secretory phenotype, including IL-8, IL-1 o, and Gro-1, is markedly activated
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in PGCCs in response to paclitaxel-induced genomic shock. This leads to not only

activation of embryogenic progress of cancer cells but also reprogramming of the tumor
microenvironment by converting normal fibroblasts to cancer-associated fibroblasts and
GPR77*/CD10 fibroblasts, increasing collagen synthesis and vascular endothelial cell
growth factor to promote tumor growth. Blocking IL-6 function using an antibody against its
receptor (tocilizumab) decreased tumor growth in patient-derived xenograft models. These
results suggest that blocking the formation of PGCCs by targeting the key protein involved
in their formation could block tumor growth in mouse models, although such antitumor
effects remain to be tested in future human trials.

8.3. Eliminating immune privilege in newborn cancer cells

The giant cell life cycle is enriched in pro-inflammatory cytokines that are
immunosuppressive. Therefore, it is critical to block such immunosuppressive molecules

in order to achieve the desired therapeutic effect of immune checkpoint blockers. There

are numerous immune cells in the tumor microenvironment. Recently, it has been shown
that IL-33 can induce the formation of polyploidy and lead to immune suppression [125].
Blocking 1L-33 was shown to elicit antitumor immunity in mice with I1L-33* tumors;
tumor-specific CD8* T cells were increased within the tumors, and splenic CTL activity
was significantly elevated [125]. Other studies have shown that hypoxia is involved in the
immunosuppressive tumor microenvironment; HIF-1 can directly induce PD-L1 expression
or upregulate the CTLA-4 receptor [126, 127]. Therefore, the combination of anti-hypoxia
therapy with immunotherapy could be an ideal method to facilitate the survival of T cells in
the tumor microenvironment created by PGCCs and effectively prevent inactivation of T cell
functions [128].

8.4. Suppression of renewal and termination of PGCCs

Self-renewal is one of the critical steps employed by PGCCs to maintain the polyploid state.
During this phase, the genome is restructured, which is associated with activation of the
embryonic program. On the one hand, this reprogramming allows cancer cells to generate
new progeny; on the other hand, the tumor cells are highly chaotic and plastic during this
phase, which can provide a therapeutic window for intervention. During this phase, it may
be possible to re-direct the differentiation toward benign or normal development rather than
to generate new and more aggressive giant cells that are capable of dormancy or travel to
different sites.

Sustained aberrant activation of self-renewal is associated with anomalous regulation of
homeostasis, endoreplication, and cell fusion. Blocking endoreplication could be an effective
strategy to inhibit self-renewal in PGCCs. The switch from mitosis to endoreplication in
polyploidization depends on downregulation of mitotic cyclin-dependent kinase (M-CDK),
whose activity is provided by CDK1 bound to cyclin B or A. CDK1 can be forcibly activated
by weel inhibitors, serving as a potential therapeutic approach to abrogate endoreplication
of PGCCs [129]. The Hippo pathway could be another potential target for anti-PGCC
therapy, because activation of this pathway leads to the formation of polyploidy, especially
in the presence of p53 mutation or deficiency [130].
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It appears that the polyploid genome, in contrast to the diploid genome, uses a distinct

set of genes to maintain the polyploidy. Recent analysis of roughly 10,000 primary human
samples spanning 32 distinct tumor types from The Cancer Genomic Atlas revealed that at
least 36% of tumors had at least one whole genome duplication during their evolution [131].
In addition, gene expression analysis revealed that multiple specific genes are expressed

in the polyploid genome but not in the diploid genome. Functional analysis revealed that
KIF18A, which encodes a mitotic kinesin protein, is required for viability of polyploid cells,
but not for diploid cells [131], demonstrating that the polyploid genome has unique cell
replication and division mechanisms, which can be potentially explored as a vulnerability
for therapeutic targets. In addition, actin and vimentin have been shown to play an important
role in the volume and migratory phenotype of PGCCs [132-134], suggesting that PGCCs
are regulated through a unique mechanistic regulatory network to promote tumor initiation
and chemoresistance.

Voelkel-Johnson’s group reported a series of elegant studies on the role of lipids in the life
cycle of PGCCs. The sphingolipid enzyme acid ceramidase (ASAHL1), an enzyme involved
in oocyte maturation and blastomere cleavage [135], is required for amitotic division of
PGCCs [136]. Inactivation of this enzyme prevented the production of budded progeny cells
from PGCCs [85, 136]. Ceramide synthase 6 can synergize with p53 protein and prevent
the formation of progeny from PGCCs [137]. Tamoxifen, a commonly used anti-estrogen
agent, inhibits the generation of PGCC offspring in prostate cancer, glioblastoma, and
melanoma cells via an estrogen-independent mechanism, potentially through inhibition of
acid ceramidase [138]. Supporting the idea that an acid ceramidase inhibitor can act in
conjunction with radiation in a preclinical model of prostate cancer, Cheng et al showed
that acid ceramidase inhibition had no significant impact on tumor growth or radiation
therapy response but completely prevented relapse, resulting in durable cures in 100% of the
mice [139]. Although these results are preliminary, they certainly point to the potential for
repurposing various existing drugs to inhibit certain phases of the giant cell life cycle.

8.5. Targeting metabolic vulnerability

Rapid tumor growth is accompanied by insufficient blood flow and a hypoxic tumor
microenvironment [140]. Hypoxia is one of the main causes of therapy resistance, and

a hypoxic tumor microenvironment was shown to promote the formation of PGCCs

[42, 47, 141, 142], indicating that targeting the hypoxic tumor microenvironment could
inhibit the formation of PGCCs. HIF-1 is the core regulator in hypoxia, and many of its
inhibitors have exhibited promising anticancer effectiveness [143]. PGCCs with budding
progeny can differentiate into erythroid and vascular endothelial cells, restoring the blood
supply and promoting chemoresistance. Therefore, anti-angiogenesis therapy combined with
chemotherapy may be an effective combination treatment strategy.

The metabolism of tumor cells is distinct from that of normal cells, which makes metabolic
vulnerability a promising target to overcome chemoresistance and metastasis in cancer
therapy [144-146]. Sirois et al evaluated metabolic reprogramming in PGCCs in breast
cancer and noted several metabolic vulnerabilities, including dependence on PLIN4, a
perilipin coating the observed lipid droplets in chemoresistant tumors, and these findings
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offer new therapeutic targets associated with PGCCs [46]. PGCCs exhibit a higher metabolic
rate than normal cells owing to the Warburg effect [101, 147]. Several studies have revealed
that PGCCs have increased dependence on glycolysis and are sensitive to glycolysis
inhibition [147].

Starvation has been shown to induce diapause via upregulation of the glutamine transporter.
In addition, diapause is associated with increased lipolysis via downregulation of mTORC2.
Inhibition of glutamine transporters leads to exit from the diapause epigenetic state [148].
Intriguingly, mTOR inhibitors can also induce cell death or reduce the formation of PGCCs
via regulation of metabolism [149, 150].

8.6. Prevention of awakening

8.7.

Diapause has been shown to be reversible, and diapause could be induced in mouse
blastocysts by inhibition of the rapamycin (mTOR) pathway and activation of the autophagic
pathway [151]. Exiting of diapause is associated with increased mMTOR pathway activity
[152]. Persistence of diapause is associated with increased glycolytic and lipolytic pathways
[148]. In mouse embryonic stem cells, deletion of Myc allows the cell to enter a pluripotent
dormant state mimicking embryonic diapause [98]. Therefore, various drugs to block Myc
or autophagy activity may prevent awakening of blastocysts, which may represent a novel
therapeutic approach. PGCCs generate progeny through budding or bursting, like bacteria,
fungi, and protozoa; therefore, antibacterial, antifungal, or anti-protozoan therapy may be a
good choice for decreasing the formation of progeny [153]. Similarly, filovirus VP40 matrix
protein was found to drive the budding process, and this may also represent a novel and
rational target to prevent the formation of progeny [154].

Differentiation toward benign lineages

Another way to limit PGCC budding progeny is differentiation therapy, which induces
differentiation of arrested malignant tumors into benign tissues [155]. The embryonic
environment has been shown to reprogram malignant cells into a benign phenotype [156].
Although multiple obstacles remain, accumulated evidence suggests that inducing reversion
can be used as a strategy to control cancer [157]. Several studies revealed that either retinoic
acid or arsenic promoted differentiation in acute promyelocytic leukemia, and histone
deacetylase or isocitrate dehydrogenase inhibitors may play an important role in leukemia or
solid tumors as differentiation therapy [158, 159]. MEK inhibitors and the anti-diabetic
drug rosiglitazone can block metastasis by promoting transdifferentiation into adipose

cells [160]. Overexpressing single neural transcription factor Neurogenic differentiation

1 (NeuroD1), neurogenin-2 (Neurog?2), or Achaete-scute homolog 1 (Ascll1) can induce
neuronal conversion from human GBM cells [161]. The giant cell life cycle suggests that
differentiation therapy may be most effective if it is combined with dedifferentiation agents
to activate embryonic stemness.

9. Conclusion

PGCCs have emerged in recent years as an important new field of cancer biology with
tremendous potential, and we are just at the very beginning stages of understanding the life
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cycle of PGCCs. This newly revealed information allows us to move from understanding
cancer cell dormancy as part of a dysregulated mitotic cell cycle to embryonic diapause at an
organismal level. The giant cell life cycle provides a unified mechanism for cancer initiation,
rapid drug resistance, dormancy, recurrence, and metastasis. Attacking different stages of the
giant cell life cycle offers new therapeutic strategies for cancer to improve patient survival.
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Fig. 1. Polyploid giant cancer cells (PGCCs) observed in high-grade serous carcinoma.
A. Mononucleated giant nucleus at interphase (red arrow). B. Giant nucleus with part of the

nucleus undergoing chromosomal condensation (red arrow) and other parts of the nucleus
showing maturation and budding of daughter cells (lower part of the giant nucleus, black
arrows). C. A nucleus in which the top part of the nucleus is undergoing multipolar mitosis
(red arrow) while the lower parts of the nucleus undergo asynchronous karyokinesis and
generate large nuclei composed of multiple daughter nuclei (black arrows). D. Giant nucleus
undergoing complete multipolar mitosis (red arrow). E. PGCCs with multinucleated giant
cells. The giant nucleus has undergone karyokinesis (red arrow) and developed into multiple
nuclear membrane-wrapped nuclei (black arrows). F. The giant nucleus is negative for Ki-67
(red arrow) and the budded nuclei show high levels of Ki-67 expression (black arrows). The
slides were stained with hematoxylin and eosin (A-E) or Ki-67 proliferative nuclear antigen.
F. Hematoxylin and eosin stain and Ki-67 activity by antibody are described as previously
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reported [162]. a-f. The schematic that highlights key morphologic feature of individual
PGCC corresponding to A through F.
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Fig. 2. Growth and division of polyploid giant cancer cells (PGCCs) mimics that observed in
blastomere-stage embryos.

A. Stages of cleaved blastomeres following fertilization. The lower panels of A and B
showing the morphology of PGCCs mimicking blastomeres were visualized by scanning
electron microscopy and are adapted from our previous publication [54]. B. Scanning
confocal microscopy images showing PGCCs with a blastocyst-like structure as compared
with human morulae. C. 3D confocal scanning images of Hey-derived PGCC (upper panel)
and a spheroid derived from Hey-derived PGCC (low panel). The zygote image is adapted
from https://www.sciencephoto.com/media/873684/view/human-egg-and-sperm-sem (credit,
Dennis Kunkel, microscope/science photo library with permission). The 4-cell, 8-cell, and
morula stage embryo images are adapted from a figure previously published in Biology of
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Reproduction [163], reproduced with permission from Dr. George Nikas and the journal.
The images of PGCCs were adapted from our previous publication [54].
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Fig. 3. Polyploid giant cancer cells (PGCCs) are capable of differentiation into morphologically
different benign lineages.

A. A PGCC with half nuclei differentiating into neutrophil-like cells. B. APGCC
differentiating into fibroblasts. C. A PGCC generating hemoglobin-forming erythroid cells.
D. A PGCC differentiating into multinucleated foamy histiocytes. E. A PGCC forming
chondrocytes. F. A PGCC differentiating into neuronal cells. Large black arrows indicate
the outline of a PGCC; small black arrows, the giant nucleus of a PGCC; red arrows, the
differentiated benign lineage. The slides were stained with hematoxylin and eosin. a-f. The
schematic that highlights key morphologic feature of individual PGCC corresponding to A
through F.
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Fig. 4. Schematic of embryonic diapause and therapy-induced diapause.
A. Schematic of human early embryogenesis and hypothesized diapause. Following

fertilization, the egg cleaves to generate the blastomere (BM), compaction, morula, and
blastocyst and then for post-implantation development or arrested at specific developmental
stage for development of differentiated tumors. B. Schematic of the giant cell life cycle and
diapause in response to treatment. The different phases of giant cell life cycle following

the therapy induced mitotic death and genomic shock is shown in diagram. A subset of
blastocyst-like structure undergoes diapause for dormancy. Awakening of diapause leads to
birth of resistant or metastatic cells or transdifferentiation into various benign lineages.
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Fig. 5. Strategies that target the giant cell life cycle for prevention and therapy.
Phases of the giant cell life cycle are illustrated in response to therapeutic stress, followed

formation of blastocyst-like structure for embryonic diapause for dormancy, and then
awakening for resistance and metastasis. Specific strategies to block each phase of the giant
cell life cycle including the differentiation therapy are shown in the diagram.
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