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The fundamental understanding of how Cancer initiates, persists and then progresses is evolving. High-resolution
technologies, including single-cell mutation and gene expression measurements, are now attainable, providing an
ever-increasing insight into the molecular details. However, this higher resolution has shown that somatic

(szlri-czl;gflril;:actl()crlle” mutation theory itself cannot explain the extraordinary resistance of cancer to extinction. There is a need for a
Aneuploidy v more Systems-based framework of understanding cancer complexity, which in particular explains the regulation
Bivalency of gene expression during cell-fate decisions. Cancer displays a series of paradoxes. Here we attempt to approach

them from the view-point of adaptive exploration of gene regulatory networks at the edge of order and chaos,
where cell-fate is changed by oscillations between alternative regulators of cellular senescence and reprog-
ramming operating through self-organisation. On this background, the role of polyploidy in accessing the
phylogenetically pre-programmed “oncofetal attractor” state, related to unicellularity, and the de-selection of
unsuitable variants at the brink of cell survival is highlighted. The concepts of the embryological and atavistic
theory of cancer, cancer cell “life-cycle”, and cancer aneuploidy paradox are dissected under this lense. Finally,
we challenge researchers to consider that cancer “defects” are mostly the adaptation tools of survival programs
that have arisen during evolution and are intrinsic of cancer. Recognition of these features should help in the
development of more successful anti-cancer treatments.

1. Definitions of paradox and two cognitive approaches to
cancer

Science often progresses through the recognition of paradoxes and
the collision of opposing theories. Cancer displays a series of paradoxes.
The Oxford Dictionary defines paradox as “a seemingly absurd or con-
tradictory statement or proposition, which when investigated may prove
to be well-founded or true”. A cited example is the uncertainty principle
in physics which “leads to all sorts of paradoxes, such as particles being
in two places at once”. This example of something being in two places at
once will be explored throughout this review as a concept of how cell
fate decisions are resolved, particularly in Cancer. ‘Being in two places at
once’ in complex biological systems translates into the ability to elicit
rapid transitions from one state to another. These transitions can happen
at both single cell and population levels and in both cases involves a
general reordering of the system at hand “at the brink”. This rewiring
happens through ‘Self Organization’. Self-organization is a process by
which a system becomes re-arranged and frequently leads to new
properties i.e. a sort of ‘domino effect’ that leads to an alternative (but
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permitted in energetic terms) configuration of the system, triggered by
an external stimulus. This alternating shift, back and forth, implies the
simultaneous presence of the two alternative configurations, i.e what we
defined as ‘being in two places at once’. The same happens when
different cells in the same tissue can be in different states regarding the
population cell fate [1]. Our current inability to routinely cure meta-
static cancer hints at our lack of understanding of its complexity [2].
Self-organization of living systems, which are regulated far from equi-
librium within their environment, is a key to their complexity [3], dis-
played also in the genome organisation [4] and likely is a key to the
paradoxes of cancer. It is only through further study and understanding
that we can resolve contradictory observations, therefore it is important
to first recognise and define the underpinning characteristics of Cancer,
and then define the paradoxes before seeking to resolve them.

There are two essentially linked features of cancer cells - immortality
and resistance to extinction (treatment resistance) — characteristics to
which all cancers evolve [5,6]. Concerning the latter, when observing
the survival response of various tumours to ionizing radiation and
genotoxic drugs, a common response is precipitous early cell death in
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the first week after treatment, followed by almost inevitable tumour
recovery and cancer relapse — a capacity which does not obey a linear
relationship and can be characterised as “survival at the brink”. This
capacity underpins the ability of the system to undergo a low probability
event to escape from adverse conditions by self-organisation as
described above, through a rapid transition to another, more favourable,
state. In the following text, adopting the terminology commonly used in
Physics, we will refer to such stable states as ‘attractors’. An attractor
means that a given configuration of a system is sufficiently stable such
that when the effects of an eventual perturbation disappear it comes
back to the original state [3] - (see also below in Paragraph 2)

There are two broadly opposing concepts of cancer. The first takes
the position that as cancer represents pathology, something is “wrong
and broken” in these cells: they are stochastically mutant and epige-
netically dysregulated and the progression of cancer is associated with
accumulation of this disorder. A plethora of aberrant cancer genotypes,
karyotypes, and phenotypes (intratumoral heterogeneity) supports this
assertion [7,8]. Here, Cancer cell survival and progression is thought to
occur through a combination of random mutations and the Darwinian
selection of the fittest clones within an individual’s tumour [9-11].
However, this still most popular somatic mutation theory (SMT) has a
central caveat; because mutations are random, often neutral [12] and
rarely positive, the accumulation of lethal mutations — Muller’s ratchet
[13] should inevitably occur. The second view proposes that
stress/oncogene-induced senescent cancer cells instead use trial and
error for rescue by explorative adaptation and rewiring by
self-organisation of their gene regulatory network (GRN) - the “genome
orchestra”. The same intratumoral heterogeneity as mentioned above
also supports this theory. The GRN, setting a functional genome at the
state of the equilibrium of its constituents within the environment, is
“the pre-programmed attractor’ - one of its possible pre-programmed
stable configurations (a “sink” towards which a genome tends to
evolve at the given conditions) [14]. As predicted by S. Kauffman
[15-17] and supported by recent cancer gene expression phylostratig-
raphy results (described in Paragraph 4), “Cancer attractor” is
pre-programmed within the early phylo-ontogenetic evolution of life. It
can be accessed by reprogramming under times of genomic stress
allowing survival, whilst de-selecting unfavourable phenotypes. Such
regulation by self-organization through creative disorder seems to be the
only way to ensure the survival of minor cell populations at the brink of
death under threat of extinction [18]. The two concepts of cancer out-
lined above characterised by the same presence of aberrant, heterogenic
karyotypes and phenotypes also represent a cognitive paradox, needing
comprehension and reconciliation. To better define this second
approach, below we introduce a key method of regulation by
self-organization - creating order out of chaos.

2. Order out of chaos

The concept of “survival at the brink” is in fact a sublimated meta-
phor for the regulation of living systems through the laws of (non-
equilibrium) thermodynamics. A system complexity was described as
life at the edge of chaos, between order and disorder” [3], involving
fluctuations, and reciprocal causation [1,18,19]. Prigogine who ob-
tained a Nobel Prize in 1977, and Prigogine with Stengers [20], desig-
nated this kind of regulation as “order out of chaos”, proposing this as
“Man’s new dialogue with nature”. Here, the biological systems are
described as dissipative. A dissipative system is a thermodynamically
open system which is operating out of, and often far from, thermody-
namic equilibrium, in the environment with which it exchanges energy
and matter [21]. Prigogine and Stengers [20] stated that “at a certain
threshold of the control factor, the system loses stability (reaches a
bifurcation point), behind which it begins to coherently fluctuate its
parts (Fig. 1A)”. The choice between two different stable states (sym-
metry break) then becomes a stochastic event, however, its probability
may depend on the presence of a positive feedback loop (Fig. 1B), e.g.
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Fig. 1. Principles of the thermodynamic regulation of dissipative systems. (A)
Scheme from Prigogine and Stengers [20] showing symmetric bifurcation of the
system: the change of the parameter X is a function of the bifurcation (control)
parameter .. When A < Ac the system is in only one stable state. At A > Ac
(where Ac is a certain threshold of the control A parameter (e.g. the amount of
DNA strand breaks) the system becomes unstable, starts to fluctuate and can
stochastically occupy each of two stationary states (e.g. DNA repair or
apoptosis). (B) Indicates the impact of a self-organising attractor, shown here as
a positive feedback loop (e.g. local concentration of growth factors), which
collectively increases the probability of the system going in one particular way
of the two possible.

local high concentration of a growth factor released by a neighbour cell.

Importantly, this kind of regulation is not directly based on random
genetic mutations (which are rare and too slowly clonally selected) and
is used by cells and populations to adapt to “unforeseen challenge” [22],
during catastrophic threats [23,24]. The same method of chaotic
self-organisation is also used during pre-programmed cell fate changes
in early embryogenesis, wound healing, differentiation and trans-
differentiation [1,25-31]. Explorative adaptation, involving the search
of potential cell states, presumes epigenetic genome plasticity and het-
erogeneity requiring multi-potent stemness [32] and operates by fluc-
tuating between alternative cell fate options - being “in two places at
once” in the interim, respectively, canalizing instructively suitable and
permissively possible pathways and sorting/de-selecting unsuitable
phenotypes [33,34]. Explorative adaptation through chaotic regulation
explains why genomic instability and stemness are intrinsic to cancer -
they are its instruments of resistance to extinction (discussed in more
detail below).

In non-equilibrium transition states, the “statistical outliers” may be
the forerunners of the ongoing change [16,35], while the heterogeneous
distributions of the opposite components (e.g. intratumoral heteroge-
neity) witness chaotic and oscillatory regulations [8,20,36] — with the
cells “being in two places at once”. The cellular senescence which should
prevent malignancy is often seen not only preceding it but paradoxically
even favouring resistance to cancer treatments [37-39].

The latest data show that accelerated cellular senescence induced by
cancer drugs represents, in fact, an exploration mechanism for cell fate
change by “survival at the brink” and an excellent example of the cell
“being in two places at once”.

3. Cellular oscillators and the paradox of cellular senescence
cooperating with stemness

To facilitate “order out of chaos”, cells have various oscillators,
whose activity is based on positive and negative feedback loops, starting
from the circadian clock to ultradian rhythms regulating the cell cycle
and ending in metabolic oscillators [40]. The single most important
tumour suppressor and guardian of the genome P53 [41] also works
through this mechanism. P53 and its regulator Mdm2 represent an
oscillatory pair (Fig. 2A,B), with P53 driving Mdm2 transcription, which
in turn serves to ubiquitinate P53, reducing its presence. This dynamic
feedback loop has been nicely demonstrated by Lahav and colleagues
using fluorescent reporters of the two proteins in irradiated MCF7 cells
[42,43]; moreover, they and others also showed that these cells do not
recover from DNA damage if the oscillations in P53 expression are
replaced by sustained activation [44,45]. Here, in the presence of DNA
damage and sustained expression of P53, the explorative adaptation
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required for finding/rewiring a GRN for survival attractor becomes
impossible; the maintenance of P53 effectively equivalent to cell death.
Indeed, the stable reintroduction of wt P53 into P53 mutant cancer cells
kills them [46].

In a series of experiments with the ovarian wt tp53 embryonal car-
cinoma cell line PA1, treatment with the topoisomerase II inhibitor,
Etoposide, introduced DNA double-strand breaks (DSB) in S-phase,
alongside signs of cellular senescence (Sa-b-gal positivity, persisting
DSBs, CHK2 signalling, and up-regulation of P53) we also observed [47]
the dual and heterogeneous up-regulation of two opposing regulators of
senescence/apoptosis in the same cell — P21 (Cip1) and the key stemness
factor Pou5f1 (Oct4) (Fig. 2C, D). Further examination revealed that the
expression of both regulators was induced by the same trigger — upre-
gulated P53 in response to DNA damage; however, the activity of P21
was reciprocally moderated by Oct4 as schematized in (Fig. 2E) thus
limiting cell death and providing greater time for DNA repair.

Moreover, this induced Oct4A underwent transcriptional splicing (by
methylation of pou5fl/oct4 gene enhancers) produce the
transactivation-inactive isoform Oct4B (Fig. 2F) before re-asserting its
usual transcriptional activities in surviving cells. 2-3 weeks after treat-
ment, when DNA damage and P53 were reduced in the surviving cells,
this feed-back loop ceased [48,49]. Thus an alternation between OCT4A
and OCT4B forms by alternative splicing leading to the alternating of the
damage repair and self-renewal was found. This series of experiments
reveal the unique capability of the tumour suppressor P53 to facilitate
not only genome fidelity but also the preservation of self-renewal po-
tential in embryonal stem (carcinoma) cells [50]. The protective ca-
pacity of P53 was also found by Halliday et al. [51]. In turn, Kalmar et al.
[52] using fluorescent reporters, directly described an Oct4-Nanog
oscillator of pluripotency in embryonic stem cells (Fig. 2G). Another
putative senescence-stemness oscillator, P1l6ink4a-Nanog, was
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encountered in triple-negative breast cancer cells resistant to neo-
adjuvant therapy (Fig. 2H-J) [53]. This behaviour can be explained by
similar oscillatory mechanisms also in mutant TP53 cells selecting an
“escape” from (the reversal of) senescence between opposite options of
GRN state spaces. Similar antagonism was revealed by [54], and dual
P16ink4a-Nanog expression was observed in an irradiated epithelial
liver stem cell line [55].

In comprehending these oscillation junctions, one can understand
the paradox of accelerated cellular senescence induced by oncogenic-,
oxidative- or genotoxic-stress, whereby senescing cancer cells access
reprogramming to achieve multi-potent stemness [38] in the search for
the survival attractor, thereby recover to become more resistant than
before experiencing senescence [38,53,56,57]. However, as shown in
BRAF-mutant melanoma, these cells can be epigenetically reversed back
to senescence [58]. Thus, the accelerated cellular senescence paradox-
ically favouring cell self-renewal and survival can be explained by
reaching the bifurcation point with the critical number of DSBs initiating
oscillation between opposite regulatory pathways as indicated in
Fig. 1A, with two options, each of them randomly attainable in an in-
dividual cell. It can be speculated that a chain of coherent molecular
oscillators, such as those highlighted in Fig. 2, facilitate a “green light”
(in physics, termed “limit cycles” [40]) channelling DNA damaged
senescing cells through the permissive GRN states (in space and time)
that finally allow rare cells to successfully reach a salvage attractor
(according to the scenario depicted in Fig. 1B). In fact, the same
mechanism of channelling through a prolonged series of
senescence-associated meta-states is observed during somatic reprog-
ramming. For example following the “Yamanaka cocktail” (Oct4, Sox2,
Klf4 and c-Myc) <1% of mouse embryonic fibroblasts become reprog-
rammed to the “ground state’’ of a GRN capable of delivering pluripo-
tency [14], but also of producing transformation [59]. In turn, the

Fig. 2. Evidence of cancer and embryonic stem
cells displaying opposing regulators of cell fate
defining self-renewal, senescence or death. (A,
B) The p53-Mdm2 oscillator detected in irradi-
ated MCF7 breast cancer cells by live-cell im-
aging of coloured reporters p53 (green); Mdm2
(red) and (B) a scheme of the oscillator
(reproduced from [42,43]) License Number 4,
944,291,233,368 (Springer Nature); (C-F)
Embryonal carcinoma PA1 cells after treatment
with Etoposide: (C,D) dual and heterogeneous
immunofluorescent pattern of the opposing
+« 1 regulators Oct4 (green) and p21/CIP1 (red)
expressed in the same cells, at the stage (day
3-5 after treatment), before clonogenic recovery
(reproduced from [47]); (E) schematic of the
DNA damage-p53 induced regulators p21 and
OCT4, with OCT4 moderating p21 expression,
. as shown by mechanistic experiments [48]; (F)
temporary overexpression of the POU5-
F1/0CT4A splicing form OCT4B (lacking the
1st exon and transactivating capacity) with
down-regulation of the LIN28 and SOX2 mem-
bers of the stemness transactivation network in
etoposide-treated PA1 cells on day 3, compared
to recovered clones (day 20) [49]; (G) The
Oct4A-Nanog oscillator revealed in embryonic
stem cells (reproduced from [52] CC BY 3.0);
(H-J) Three neighbour cells from a primary
triple-negative breast cancer sample resistant to
neoadjuvant therapy stained for NANOG and
P16INKA4A, self-renewal and senescence regu-
lators, showing three patterns — dominating
pl6, approximately similar expression, and
exclusively NANOG expression in a polyploid
cell nucleus. Bars =10 pm [53]).
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paracrine acting senescence-associated secretome consisting of growth
factors, cytokines, and extracellular proteases modulating the micro-
environment [60] can be considered as an additive and important
permissive resource for the collective channelling of the ‘dominant path”
towards the recovery of senescent cells [34,61]. However, if these sur-
vival resources (including recycling of nutrients by autophagy) are
exhausted, terminal senescence takes over channelling the death-path
through overproduction of P21/Cipl and P16ink4a proteins leading to
cell nucleus disintegration [48,62]

As discussed above, accelerated cell senescence represents an in-
strument of preprogrammed cell fate change, challenged by oncogenic,
genotoxic or oxidative stress, which can bring forth the cancer attractor
and resistance to death. As predicted by S. Kauffman [15-17], the
“Cancer attractor” is pre-programmed within the early
phylo-ontogenetic evolution of life. This leads us to consider the
evolutionary history of cancer and its exploration through gene
expression phylostratigraphy as described in the next paragraph. Here
another paradox - the somatic mutation theory of cancer (SMT) and
atavistic theory of cancer are in contradiction [63] and need further
comprehension. The central problem of this conundrum, in our view, is
how cancer cells achieve immortality and their mode of reproduction.

>
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4. The source of cancer cell immortality and the atavistic shift of
cancer cells towards unicellular organism gene expression
networks

Somatic cells are mortal — they undergo the Hayflick limit of telo-
mere shortening with each cell cycle [64] and subsequently senesce and
die. However, somatic cancer cells are immortal, replicating and
dividing in vitro after the death of their host and growing at transfer in
syngeneic animals endlessly. Although tissue stem cells can replenish
the dead cells, this reserve is also limited and our body dies. The
immortality of cancer cells can be explained by our hypothesis [65] of
the replacement of the limited replicative capacity of somatic mitotic
reproduction with the unlimited reproductive relay of sequential
life-cycles, transmitting immortality ‘between generations”, akin in
life-cycles of unicellular organisms which are essentially immortal.
Indeed, the phenotypic similarity of giant cancer cells with unicellulars
was noted in our early work [66]. The theory of heredity through the
transmission of the germ-line between life-cycles of generations was first
proposed by August Weismann [67] and provides a pillar of funda-
mental biology. As the evolutionary life-cycles are various and phylo-
genetically programmed [68], it is, therefore, appropriate to consider
the phylogenetic history of cancer.

Which evolutionarily conserved programs might the mutant and
non-mutant but also stressed (“senescent”) cells use, with the potential

Fig. 3. Phylostratigraphic and modular distri-
bution of gene expression through evolution
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to lead to immortality linked to cancer? The human genome is composed
of two interconnected gene nexuses, derived from the unicellular and
multicellular [69,70]. Gene expression phylostratigraphic analysis
shows that cancer is most closely aligned with the atavistic genetic
programs of development elaborated by unicellular organisms at their
transition to multicellularity [69,71-75] manifested by a change in the
gene expression balance in relation to evolutionary age, in favour of the
oldest genes, while suppressing genes originated more recently, in
complex multicellular organisms (Fig. 3 A, B). Here, it is important to
further highlight that this epigenetic shift to unicellular gene expression
profiles is aided by whole genome duplications (WGD; as shown in
paragraphs 5-8, below) and is associated with a particular mode of
reproduction of cancer cells. Usually, cancer researchers consider only
the mitotic cell cycle. However, in the last two decades, >20 indepen-
dent groups have shown that cancer cells can also reproduce through
reversible polyploidy (ploidy cycles) and that the polyploid giant cancer
cells (PGCC) are important in metastases and resistance to genotoxic
treatments [26,76-80]. This fact still remains poorly recognized by the
wider cancer research community.

5. Polyploid giant cancer cells, whole-genome duplications, and
ploidy cycles

PGCCs are the diagnostic and prognostic hallmarks of aggressive
cancer [80,81]. Polyploidy, whole-genome duplications (WGDs) are
well known in evolution as a source of diversification of gene homologs
and thus the creation of new species [82-85]. Generative (i.e. whole
organism) WGD appears in particular in unfavourable habitats and
provides, besides gene diversification by random mutations, the
resource for adaptation of species through three means: 1) multiple
genomes mask deleterious mutations and can decrease their impact by
recombination [68]; 2) polyploid cells can facilitate rapid adaptation in
adverse conditions, in particular also by higher protein synthesis,
tolerance of hypoxia and toxicity and more [83,84,86]; 3) ploidy cycles
(orderly doubling and halving of genomes) are associated with the
evolution of sexual reproduction [87]. Ploidy cycles emerged initially to
elicit DNA strand breaks repair and to relieve, by recombination, the
mutational load of aneuploidy resulting from occasional polyploidy
[88-90]. Ploidy cycles as such should counteract, or moderate, aneu-
ploidy. Ploidy cycles within asexual unicellular organisms gave rise to
the origin to meiosis (developed from endomitotic to zygotic, and finally
gametic meiosis) and sexual reproduction for maintaining reproductive
fidelity, genetic diversity, and species identity [91-93]. WGD in Arabi-
dopsis induces a clear set of eight meiotic genes involved in chromosome
juxtaposition and chiasma formation [94]. Polyploidy is a spandrel of
asexuality with the transition to sex [95]. In sexual organisms, poly-
ploidy usually occurs in adverse conditions by non-reduction of gametes
leading to a parthenogenetic life-cycle [84]. So, the evolutionary ploidy
cycle has a relationship to asexual life cycles, the origin of meiosis and
sex, as well as adaptive facultative sex, parasexual cycles, and unisexual
parthenogenesis. In all cases, it is dealing with whole genomes and
complementarity. A ploidy cycle is a synonym (or part) of a life-cycle
and the material base of heredity transfer between generations [68].
Transient cyclic polyploidy emerged in some life-cycles of still extant
unicellular organisms, particularly Radiolaria [92] is more cost-effective
than permanent diploidy or permanent polyploidy [68,88]. Although
generative WGD appears in all evolutionary classes, starting from pro-
karyotes [96], most metazoan species tend to return to generative
diploidy after adaptation to new habitats, albeit sometimes after many
generations, often through a “triploid bridge” [68,82,97-100] and
associated, at least, in some tumour types, with resistance to genotoxic
drugs [53,81]. The necessity to return to diploidy is due to the intrinsic
chromosome instability of the polyploid genome [101] which often re-
sults in aberrant segregation of chromosomes during mitotic divisions by
break-bridge-fusion cycles [102], multipolar mitosis [103], chromo-
somal and structural aberrations; the generative polyploidy also
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presents difficulties in ordered segregation during canonic meiosis, for
faithful reproduction of species. As such, organisms use the advantages
of WGD in evolution, accepting (and possibly, moderating and coun-
teracting) the disadvantage of the resulting genome instability and
aneuploidy [68,82,83,104,105]. The adaptivity of WGD is also used for
somatic polyploidy - in normal mammalian organogenesis and to
accommodate an increased functional load in some organs, e.g. the heart
and liver [106,107]. Therefore, to estimate the impact of polyploidy per
se and to allow comparison with cancer data, we investigated the phy-
lostratigraphic effect of somatic polyploidy in normal mammalian cells.
The same shift to unicellularity was revealed.

6. Polyploidy and the shift to unicellularity in normal
mammalian tissues

Somatic polyploidy is rare in mammalian organs, with some excep-
tions [108,109] and the DNA amount in these polyploid cells, except
those involved in regeneration or senescence, is relatively
oligo-polyploid with relatively low levels of aneuploidy [9,108,
110-112] and own observations).

Applying bioinformatic analysis of gene expression data for three
simultaneous pair-wise cross-species transcriptome comparisons of
polyploid versus diploid mammalian tissues (human and mouse heart,
liver, decidua), we observed a shift towards unicellularity of Gene
Ontology and Biosystem modules. The most important are the modules
of single-cell organism metabolism (G0:0044710), catabolism
(GO:0044712), biosynthesis (GO:0044802), membrane organisation
(GO:0044711) and reproduction (G0:0044702) [113-115] C-myc--
driven epigenetic reprogramming is well known as favouring the onset
of tumorigenesis by inducing a stem cell-like state [59,116]. myc nor-
mally regulates the cell cycle but if overexpressed, uncouples DNA
replication from cell division and induces polyploidy [112,115,117].
Thus, c-myc overexpression (often amplified and usually not-mutated) is
coupling polyploidy with the cancer-initiating stemness. The c-myc
targetome upregulated by polyploidy and examined using the principal
component analysis (PCA) revealed a unicellular organism module,
development, cancer-related, stress and DNA repair pathways, while
suppressing immunity, apoptosis, and transmembrane transport
(Fig. 3C) [115]. The link between polyploidy and ancient unicellular
features mediated by c-myc was also found [113-115]. In addition, the
full transcriptome analysis also revealed the phylostratigraphic shift
from multicellularity to unicellularity [114]. Moreover, we disclosed the
role of genes with bivalent chromatin, often the targets of c-myc-induced
transcriptional pause release [118] involved in the
polyploidy-dependent shift in gene expression towards unicellularity,
overcoming intervening species barriers as shown below.

7. Genes with bivalent chromatin in polyploidy, meiosis, and
cancer: being in two places at once

Genes with bivalent chromatin (also termed “bivalent genes”) are
those, whose enhancers and/or promoters contain chromatin regions of
suppressing H3 lysine 27 methylation harbouring smaller regions of
activating H3 lysine 4 methylation. These domains tend to coincide with
genes of transposable elements expressed at low levels. These genes
were identified as the regulators of cell fate change in embryonic stem
cells [119,120]. As such, this bi-valency mechanism is again based on
the uncertainty principle, acting when there is a choice between two
options - gene expression is either paused (poised) by suppressive
H3K27me3 histone modulation or rapidly activated by H3K4me3
modifications. However, bivalent H3K27me3 and H3K4me2/3 domains
are not limited to developmental promoters, but also underlie reversible
silencing of somatic/progenitor genes during the mitosis-to-meiosis
transition in spermatogenesis; as well as being involved in the reverse
process after fertilisation [121]. In other words, these bivalent genes can
potentially facilitate cell fate change through both multi-potency and
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the transition from mitosis to meiosis to initiate a ploidy life-cycle and
facilitate its return to the mitotic cycle. Interestingly, using the gene
expression dataset for normal cell polyploidy [115], we revealed a
highly significant (p < 107'6) enrichment of bivalent genes in the
ploidy-associated full transcriptome and the c-myc interactome, as well
[114]. The phylostratigraphic distribution of the latter is presented in
Fig. 3D. It coincides in general with the changes in phylostratigraphic
landscapes in cancer versus normal tissues and cancer genes as pre-
sented in Fig. 3A and B and supports the epigenetic control of cancer by
bivalent chromatin regions reported earlier [122]. “Poised” chromatin
allows rapid switching on/off of key developmental genes through the
thermodynamics of bivalent chromatin self-organisation. Conflicting
chromatin states, like bivalency, are associated with high transcriptional
noise promoting system explorative fluctuations for cell fate change [35,
123]. Also, the moderate activation of transposable elements coinciding
with bivalent regions should increase the amplitude of these coherent
fluctuations. This self-organising mechanism should allow low proba-
bility events, such as cell-fate change, to occur [1,124]. The
protein-protein String network, Gene ontology module and Kegg cancer
pathway analysis using data from bivalent gene expression patterns plus
the c-myc targetome related to polyploidy, revealed upregulation of ABC
drug resistance (of Prokaryotic origin), embryonic development, and
cancer pathways in early multicellulars, while the pathways of multi-
cellular complexity - cell communication, differentiation, immunity and
apoptosis were all downregulated [114], thus indicating a tendency
towards the dissolution of tissue organization. Subsequently, we arrived
at the conclusion that the cancer atavistic shift to “uni-
cellularity-based-multicellular-state” ensuring drug resistance and
onco-fetality, is highly enhanced by polyploidy. The phylostratigraphic
data [69,71-73] witness in favour of the atavistic theory of cancer
beyond species [73,125-127] and suggests that cancer programs are
salvaged from the unicellular and early multicellular forms of life.
However, we still need to better reconcile these proposals with the
oldest, embryological, and then the chromosomal theory of cancer.

8. Is the Embryological or Atavistic theory of cancer correct? —
both

There is a long history of the inter-relationships between cancer and
embryogenesis dating from the 19th century [128-133]. It has been
shown by nuclear transplantation that cancer cell nuclei can prime
embryogenesis [134,135], while embryonal cells can develop into tu-
mours if ectopically placed into adults; multiple experiments brought
Barry Pierce to the conclusion that there must be an embryonic field
capable of regulating every kind of carcinoma [133,136]. The similarity
between embryo and cancer can be also found in the paradoxical fea-
tures of reversible cellular senescence [137,138] and genome instability
[139-141] displayed by both. Moreover, similar observations and the
capacity of PGCCs to differentiate into three germ layers [142] and to
produce a metastasising tumour from only one PGCC transplanted into a
mouse [143] are at the basis of the current twist of the embryological
theory of cancer connecting it with polyploidy. Furthermore, the phe-
notypes seen in the early cleavage embryo are (parthenogenetically?)
recapitulated in aggressive tumours containing the early-embryo-like
polyploid giant cancer cells (PGCC), which are transiently dominating
in proportion after genotoxic treatments of TP53 mutant tumours [26,
78,79,132,133,142,144,145]. How are these embryonal features related
to cancer atavism?

The “cancer attractor” was previously suggested as an evolutionary
relic space-state of GRN with a near-zygotic developmental potential,
unused but accessible, in the mammalian genome [15,17,146]. The
bivalent epigenetic control of oncofetal genes in cancer cells has been
also shown previously [147]. A careful comparison of the gene phylos-
tratigraphic profiles obtained by three independent groups and pre-
sented in Fig. 3 A,B, and D and also for whole transcriptomes by [114]
provides a supporting argument. Namely, in Fig. 3A, the
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phylostratigraphic data presented by [72] for seven tumour types versus
normal tissues, reveal, along with upregulation of the first two unicel-
lular strata, an increase at early multicellularity stratum 4 gene
expression (Metazoa) for two of seven tumour types, however stratum 5
(Eumetazoa) in this dataset is ambivalent, while the 6th stratum -
Bilateralia and further — are under-expressed. However, Domazet-Loso
et al. [71], using four different cancer-related gene expression datasets
unequivocally indicate, in addition to the first two unicellular strata, a
significant oncogenic upregulation in stratum 5 (Fig. 3B). As if sum-
marizing both observations, our phylostratigraphic analysis presented in
Fig. 3D demonstrate that the upregulation of bivalent genes by c-myc
and polyploidy includes strata 1, 2 (unicellulars), stratum 4 (metazoa)
and prominently, by upregulation stratum 5, while a point of the
bi-stable switch between upregulated and suppressed bivalency falls
upon stratum 6 with sharply opposing suppressive epigenetic effect
starting from the next stratum 7 (Vertebrates). Summarizing these
findings, it appears that carcinogenesis emerged in cooperation of the
unicellular genes with the genes of the Metazoa and Eumetazoa strata,
favoured by c-myc driven reprogramming (c-myc provides a pivotal link
between malignancy and stemness [59,115,148] and its induced WGD.
These processes are assisted by genes with bivalent chromatin, allowing
crucial cell fate change by self-organisation, which may include the
mitotic-meiotic transition [121] and the development of the partheno-
genetic embryo [68,88] - an analogue of a PGCC [130-133]. It should be
highlighted that in this same Eumetazoan stratum 5 of the evolutionary
life-tree the basic processes of early embryonic development (including
gastrula stage) emerged and remained conserved in mammals [149].

9. The reciprocal mitotic-ploidy “cancer life-cycle”

Somatic polyploidisation is usually initiated after genotoxic insult by
the re-union of two mitotic daughter cells with regression of the cleav-
age furrow or even fusion after its full abscission resulting in a bi-nuclear
cell [150]. Theoretically, this is a primitive act of syngamy (automixis)
[68,92], similar to that seen in normal mammalian organs [108], and
observed in irradiated HeLa cells. Multinuclear cells may also be formed
from binuclear ones through asymmetric divisions and multipolar
a-cytokinetic mitosis [151,152]. Nevertheless, in many cancers, the
process of polyploidisation is started from aborted metaphase - “mitotic
slippage” [153] - caused by persistent telomere damage (senescence),
bypass of mitosis and transition to tetraploidy [154,155]. It is likely that
the tetraploid cells induced by genotoxic insult and acquiring embryonal
stemness [93,156,157] allowing cell fate change enter a particular 4n
phase preventing the destruction of cyclin Bl and thus preventing
anaphase [158] by the meiotic kinase Mos. In this way, cell fate change
can be evoked - by shifting from the canonical mitotic cell cycle into the
mejosis-initiated parasexual ploidy cycle.

For example, in a doxorubicin-treated breast basal cancer cell line,
the cells re-replicate by mitotic slippage daily and stepwise to reach 8C,
then 16C and 32C DNA content (Fig. 4A, B). From this “developmental
totipotency checkpoint” (analogy of morula stage), reached by many
tumours in various models (and also described in some insect organs)
[159,160] a stepwise return to 2C for reciprocal production of mitotic
descendants is started (Fig. 4C, D) [76,157,161]. Correspondingly, the
ordered reduction divisions (two examples are shown in Suppl. Fig. 1A,
B), including binemic bi-polar segregations, cell divisions omitting
S-phase and other meiosis-like elements [151,162-164] can be
observed, albeit aberrant and chaotic metaphases are also encountered
(Suppl. Fig. 1C). A reciprocal relationship between a step-wise genome
doubling and then halving is also shown in Fig. 4E and F. These obser-
vations, first described by Illidge et al. 2000 [76] and [161] demon-
strate, strictly saying, an asexual ploidy cycle [68,88], termed also for
Radiolarians “cyclic polyploidy” [92]. Besides c-myc activation, the
genotoxically induced polyploidisation is accompanied in TP53 mutants
by up-regulation of key stemness transcription factors — Oct4, Sox2,
Nanog [165], Wnt-Notch signalling [166], DNA repair of DSBs by
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homologous recombination [167]; Ki-67-positivity, and DNA synthesis
inferred by the inclusion of BrdU [76,157]. These stemness features are
combined in polyploidizing cells with the hallmarks of accelerated
senescence, such as Sa-b-gal-positivity and telomeric DNA damage [154,
155,168] - the paradoxical composition of opposites in accelerated cell
senescence explained above in Part 3. The DNA damage during mitotic
slippage is sorted out for autophagy in micronuclei [55,62,169]. We
found recently that cytoplasmic DNA resulting from mitotic slippage is
selectively enriched with telomere ends [157,170] and see Suppl. Fig.
1D-F [157]. In addition to Mos-kinase, ‘Mitotic slippage” is also
accompanied by upregulation of the genes and proteins of meiotic
ovogenic prophase - SPO11, DMC1, RAD51, REC8, OCT4A, VASA,
FRAGILIS (Fig. 4G) and [157] supporting the mitotic-meiotic transition
as a component of the ploidy cycle (defined in Part 5). Ovogenic,
embryonal, placental, and testis- associated genes were found in ex-
periments on several tumour cell lines and over a very wide range of
human patient cancers correlating with poor prognosis [93,152,156,
164,170-175]. Such a massive presence of germ genes in 33 somatic and
germ tumour types as directly tested by [176] cannot be a purely sto-
chastic effect of genomic instability imposed onto mitotic cycle by
ectopically expressed meiotic genes as supposed by some researchers
[175,177-179]. 1t is certainly part of the programmed parasexual”
cancer life-cycle” [65,77,113,156] composed of the reciprocally joined
mitotic (somatic) and ploidy (germline) circuits (Fig. 5). Interestingly, in
some cancers, the repeated mitotic slippage cycles can bring to atavistic
phenotypic amoeboid conversion.
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10. Amoeboid conversion, budding of offspring

Not only embryo-like phenotypes [80,132,133,180] but also
amoeba-like phenotypes have been encountered in observations of
DNA-damaged PGCCs. The amoeboid giant cells appear in the
second-week post-DNA- genotoxic treatments. The cells develop a
powerful cytoskeleton, exhibit cannibalism [181], migration [182],
encystment and excystment [113,159] (Suppl. Fig. 2A). Through mitotic
slippage, they demonstrate the epigenetic drift from epithelial to
mesenchymal (amoeboid) transcriptional and phenotypic identity
[157]. This transition is also characterised by the release of the cellu-
larized subnuclei, resembling sporogenesis of Protozoa, e.g resulting
from cycling polyploidy in asexual Entamoeba histolytica and invadens
[183,184] and Amoeba species; in the latter (Amoeba vulgaris), after
considerable chromatin diminution [185-187]. Such observations of
‘budding’ offspring from PGCC were reported by several authors in
different cancer models [66,142,145,157,159,188,189]. Rajaraman
[190] documented this cyclic process by video cinematography and
highlighted it as a parasexual somatic reduction division in cancer (and
termed it “neosis” [188]).

It should be also noted here that asymmetric reduction division of
maturing oocytes, wherein polar bodies are released during anaphase
through an actin ring [191,192] is similar to sporogenesis and the
asymmetric reduction divisions observed in some PGCC, suggesting
their mutual nature — examples from four DNA-damage stressed tumour
types are presented in Suppl. Fig. 2. In the case of parthenogenesis, a
polar body is further reunited with the female pronucleus and is also
very similar to the processes observed in the amoeboid. The budding

Fig. 4. Ploidy response of MDA MB 231 cells
after treatment with doxorubicin (DOX;
100nM, 24 h) over 25 days. (A-D) Histograms
of DNA content obtained by in situ DNA
cytometry of individual interphase cell nuclei
showing stepwise polyploidisation by day 8
post-treatment and a stepwise depolyploidisa-
tion by day 16. The bifurcation of depoly-
ploidising and continuing polyploidisation sub-
lines, clearly seen, on day 16, precedes the re-
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day 25; (G) RT-PCR results for stemness and
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CANCER LIFE CYCLE

Somatic line

Mitotic

Mitotic death

Hayflick’
limit
renewed

Mitotic slippage

De- polyploidisation| Germline |Polyploidisation

Fig. 5. Schematic of cancer “life-cycle” reciprocally uniting a mitotic cell cycle
of the somatic line and a ploidy cycle of the germline, with mitotic slippage
from senescence on one side and renewal of the Hayflick’ limit through telo-
mere renewal on the other. The ploidy cycle is associated with a transient dual
senescence/stemness state, activation of meiotic genes and replacement of
telomere ends. We hypothesize that the ploidy cycle is present at a low basal
level in untreated cancer cells supporting the maintenance of genomic fidelity
and immortality, being much enhanced after genomic damage/stress, providing
cancer treatment resistance. Modified from [65,113,156].

from a PGCC in mitotic anaphase is also occasionally encountered in
non-treated cancer cells (Suppl. Fig. 2C) or in the minority of polyploids,
even seven weeks after clonogenicity was restored from polyploidy in
drug-resistant clones (Suppl. Fig. 2E) hinting to a basic cyclicity of this
process hidden in cancer. In addition, cellularization of the bi-polarly
dividing syncytial blastoderm nuclei in Drosophila multinuclear em-
bryo (which underwent “superficial cleavage cycles” before that)
segregating germ and somatic cells [193] may also be a noteworthy
evolutionary analogy of the processes observed in PGCC recovering
offspring from DNA damage [133].

In summary, both modes of PGCC asexual reproduction (embryonic/
parthenogenetic and sporogenic-like) belong to variants of the same
cancer ploidy cycle schematised in Fig. 5. Our analysis thus strengthens
the phylogenetic origin of ontogenesis-like processes in tumours dis-
cussed in Part 8 and by [194].

11. “Supergiant” nurse-cells and catastrophic mitosis

In addition, DNA cytometry of the doxorubicin-treated breast cancer
cell line has revealed that at the critical point of depolyploidisation of
the reproductive PGCCs, another cell population becomes branched —
achieving much more extensive polyploidy and increasing in proportion
(Fig. 4C). This fraction is transient and practically disappears after the
recovery of the resistant cell line (Fig. 4D). These amoeboid “supergi-
ants”, which very likely derive from the same precursor as the repro-
ductive subline, and which can elicit very high aneuploid DNA content
(up to ~ 400C) “obstinately” enter catastrophic mitosis, displaying
chaotically arranged and fragmented chromosomes (Suppl. Fig. 1C), and
either undergo apoptosis or restitute interphase again. Similar “obsti-
nate supergiants” were also observed in long-term cultures of irradiated
HeLa cells (personal observations). These “supergiants” with apparently
chaotic genomes appear to serve as nurse-cells — providing molecular
substrates (e.g. soluble DNA), mechanical support and possibly a vehicle
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for the recently “born” small mitotically-capable ‘offspring” - see Suppl.
Fig. 3 [157]. This situation is somewhat similar to the cooperation of the
egg with nurse-cells produced by a single germline stem cell in the
Drosophila ovary germarium [195], which polytenize and further un-
dergo programmed cell death [196]. Prieur-Carrillo [197] following the
fate of the irradiated PGCC of bladder carcinoma cells by
video-cinematography, also noted that part of giant cells underwent
stepwise reduction divisions, while another part did not. These obser-
vations are also compatible with the reproductive subline of PGCC un-
dergoing encystment and sporogenesis and a somatic subline, which can
interconvert in stress conditions in Entamoeba histolytica and invadens
[183]; Niculescu found in this behaviour an analogy with atavistic
cancer stem cells. Similar is the evolutionary strategy of creating func-
tionally different polyploid subpopulations in mammalian trophoblasts
adjusting to the animal lifestyle [198]. Cancer amoeboids display an
example used by Nature of the essential cooperation of two daughter cell
types, of the same origin, for survival at the brink or beforehand of
extinction. Besides these extraordinary examples of ameboid conversion
in human breast cancer cells, we also observed islands of cartilage dif-
ferentiation with normal-sized cell nuclei and also neuronal-type nes-
tin-positive cells. These phenotypes did not persist, being outcompeted
through re-seeding by surviving clearly malignant clones. Similar ob-
servations were reported previously by several authors (reviewed by
[361), alongside the concept of cancer “life-code” from pathologist ob-
servations [144,199] substantiating the origin of benign and malignant
(PGCC-including) tumours from the upper and root parts of the onto-
genetic tree, correspondingly. In summary, we conclude that there are
many evolutionary links between mammalian embryogenesis, proto-
zoan sporogenesis, insect gametogenesis and embryogenesis, and
reproduction of PGCCs. These observations and evolutionary analogies
provide a viable biological explanation for the immortality of cancer
cells through similar parasexual life cycles as exemplified in Fig. 5.

Again, this is another example of the reciprocal causation providing a
cell “being in two places at once”, that residing either in the rapid and
short mitotic cycle (~20h) or slow and prolong ploidy cycle (~2-3
weeks) unnoticed by researchers performing shorter, 3-5-day long ex-
periments [78]. The capability of cancer cells to extend the Hayflick
limit by maintaining proliferation through reinitiating telomerase ac-
tivity is part of this parasexual mechanism. Importantly, during
senescence-associated cancer “life cycle” ("neosis"), the Hayflick limit
was proposed to be reset each time anew [129,190]. Indeed, during
mitotic slippage, the telomere replacement and recombining through
transient alternative telomere lengthening after removing the damaged
telomere ends, and then re-establishing new TERT-positive telomeres in
mitotic offspring was revealed in the DOX-treated MDA MB 231 cells
[157]. Noteworthy, a similar replacement of telomere ends has been
reported in Ascaris cleavage embryo during the switch from the
germ-to-somatic cell line [200], in the classic model of the chromatin
diminution [201].

12. The Cancer aneuploidy paradox - between genomic order
and chaos

Interestingly, the aneuploidy and chromosome theory of cancer
described by Hansemann and Bovery was conceived in the same period
when gametogenic (embryonic) ideas of tumour formation were circu-
lating [128,130,202]. Aneuploidy alters and even hinders cell division
but paradoxically is a hallmark of cancer, increasing with tumour pro-
gression, grade and resistance to therapy [10,203-205]. In general
terms, an explanation for this paradox was provided in the 2nd section of
this review — that in dissipative systems, the order is created by
explorative adaptation “out of chaos” [20].

This means that initiation and evolution of cancer towards the
evolutionary pre-programmed “cancer attractor” described above is
achieved through trial and error, thus, is accompanied by a plethora of
intermediate, unsuccessful, aberrant karyotypes, variable epigenomes
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[8] and non-clonogenic karyotypes [206], which also serve adaptive
exploration and in this sense, indirectly, clonogenic survival. It is
becoming clear that aneuploidy and chromosome instability is an
excellent source of the genomic chaos needed for cell fate change by
reprogramming [10,11,207]. Rapid ‘punctuated’ karyotype rearrange-
ment in one mitotic cycle, “chromothripsis”, found in ~50 % of cancers,
is associated with polyploidy, telomere attrition and DNA damage
sorting by micronucleation [208-210]. It may arise during poly-
ploidisation through “mitotic slippage” [211] serving initiation of the
PGCC ploidy cycle on the one hand, and ultimate restoration of the
mitotic progeny, on the other [105,157] as already discussed. However,
full genome breakage may occur in the supergiant “nurse-cells”, which
likely have a mutual precursor with the reproductive stemline and
which “obstinately’ enter catastrophic mitoses, fragment chromosomes
(to prepare the substrate DNA for their nurselings?), and although
having a limited life-span and being ultimately non-reproductive, seem
vital for tumour progression. Hyper-production of reactive oxygen spe-
cies by the hyper-metabolic cancer giants may favour this catastrophic
mitotic explosion [212,213].

At the same time, aneuploidy can be directly used for adaptive
evolution in stress environments both in unicellular organisms [214]
and cancer [215]. Interestingly, the negative pre-selection of clones with
loss of heterozygosity and even gene conversion proposed previously for
asexual polyploid unicellular species by Maciver [216,217] as a route of
escape from Muller’s ratchet, was recently found in human cancer
[218]. The parasexual character of the giant cell ploidy cycle is consis-
tent with several observations, whose analysis is out of scopes of this
review. We can only briefly mention here the evolutionary conserved
maternal and paternal genomic autonomous behaviour (gonomery)
[163] exposed in stressed normal cells, while similar uniparental
genome separation was found in a proportion of the embryonal carci-
noma and basal breast cancer, along with signs of non-canonical
inverted meiosis [105,157]. We also found the pedogamic exchange in
tripolar mitosis with a haploid genome between diploid and triploid
sub-populations of cancer cells [99], which is also an interesting para-
sexual feature explaining “the ordering of the aneupolyploid genomes”.
All these observations need further studies and implementation into the
cytogenetics of cancer. Not the least, the longitudinal transcriptional
and genetic analysis of single cells of clonal colon cancer populations
reveal that genetic sub-clonal structure in cancer cells can be diversified
and progressed non-genetically, by epigenetic memory [219].

13. Conclusion

From the reviewed data, one can see that the creation and complex
division events that occur with PGCC have evolutionary and adaptive
analogues in nature. These “aberrations” are far more than simply
random events driving cancer through the principles of Darwinian
clonal selection. Rather, there is a growing understanding of the adap-
tive character of cancer genome chaos. Currently, considering the
thermodynamics of cancer, with priority given to epigenetically pre-
programmed chaotic regulations, both embryonal and chromosomal
(aneuploidy) theories appear principally correct. However, the rela-
tionship of aneuploidy and genome instability with programmatic
parasexual ploidy cycles seen in cancer, particularly in their resistance
to DNA damage, only briefly reviewed here show that we still have a
long way to go to incorporate them fully in the context of the atavistic
embryological features of cancer. As described earlier, always in science
—to fully comprehend, we must first observe the paradoxes, establish the
principal facts and then delve deeper to resolve them. The coming years
will hopefully provide the solution to the key paradoxes of cancer that
facilitate its final extinction.
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