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ABSTRACT

Recently, it has become clear that the complexity of cancer biology cannot 

fully be explained by somatic mutation and clonal selection. Meanwhile, data have 

accumulated on how cancer stem cells or stemloids bestow immortality on tumour 

cells and how reversible polyploidy is involved. Most recently, single polyploid tumour 

cells were shown capable of forming spheroids, releasing EMT-like descendents 

and inducing tumours in vivo. These data refocus attention on the centuries-

old embryological theory of cancer. This review attempts to reconcile seemingly 

conflicting data by viewing cancer as a pre-programmed phylogenetic life-cycle-like 
process. This cycle is apparently initiated by a meiosis-like process and driven as an 

alternative to accelerated senescence at the DNA damage checkpoint, followed by an 

asexual syngamy event and endopolyploid-type embryonal cleavage to provide germ-

cell-like (EMT) cells. This cycle is augmented by genotoxic treatments, explaining 

why chemotherapy is rarely curative and drives resistance. The logical outcome 

of this viewpoint is that alternative treatments may be more efficacious - either 
those that suppress the endopolyploidy-associated ‘life cycle’ or, those that cause 

reversion of embryonal malignant cells into benign counterparts. Targets for these 

opposing strategies are components of the same molecular pathways and interact 

with regulators of accelerated senescence.

“The aim of science is to seek the simplest 
explanations of complex facts. We are apt to fall into 
the error of thinking that the facts are simple because 
simplicity is the goal of our quest. The guiding motto 
in the life of every natural philosopher should be, ‘Seek 
simplicity and distrust it”

(Alfred North Whitehead, The Concept of Nature, 
1929) 

After more than 40 years of the “war on cancer” 
progress in achieving long-lasting cures and treating 
advanced, late stage, disease is still unsatisfactory. This 
failure likely stems from our limited understanding of 
the true complexity of the disease [1]. Attempts to define 
the basis behind cancer are many and varied, dating back 
centuries. One particular concept, the embryological 
theory of cancer, has existed for more than 150 years 

and was developed during the 19th century by prominent 
scientists of that time [2, 3]. Amongst these, David von 
Hansemann, wrote in 1890 that normal somatic cells can 
undergo de-differentiation and transform into cancer cells, 
which acquire “egg-like” features [4].

The biological equivalency between embryos 
and tumours was experimentally established in 1964 
by Leroy Stevens who showed that normal pluripotent 
embryonic stem cells from murine blastocysts, could 
develop into teratomas/teratocarcinomas if they were 
injected into an adult testis or into an embryo if injected 
back into a uterus [5]. The same year, Barry Pierce and 
colleagues demonstrated the ability of a single malignant 
teratocarcinoma cell to form a primitive embryoid body 
with the capacity to give rise to the three major germ-
cell layers [6, 7], subsequently showing these embryonal 
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properties for other carcinomas [8]. It was also shown 
that teratocarcinoma-embryo chimeras can be produced 
if the malignant cells are placed into the environment of 
a normal blastocyst [9, 10]. Although these experiments 
were forgotten for many years, in modern times induced 
pluripotent stem cells (iPSC) have been tested for their 
ability to cause teratomas and teratocarcinomas. Given 
all of these observations, and the current frustrations in 
our ability to understand the complexity of cancer and 
establish effective cures, even with our sophisticated 
ability to unpick their underlying somatic mutations and 
clonal architecture, it may be time to revisit the half-
forgotten embryological theory of cancer. 

The currently popular cancer stem cell (CSC) theory 
of tumourogenesis assigns the property of immortality 
(self-renewal) to adult stem cells that due to genetic 
mutations, or epigenetic changes, de-differentiate to a state 
similar to very early embryonal (ESC-like) cells [11, 12]. 
However, although this concept explains how proliferation 
capacity is extended, it does not explain why immortality 
is supported in tumours again and again. The only 
known natural process capable of supporting immortality 
indefinitely is the life cycle, which transfers the germ-line 
through one generation to the next. Recognition of this 
basic biological law formulated by August Weismann more 
than a century ago lies at the core of the embryological 
theory of cancer and its many variants [13].

Through more than a decade of research in our 
and other labs, it has been seen that meiotic genes are 
activated in TP53 mutant tumours, enhanced by genotoxic 
treatments or spindle inactivation and associated with 
reversible polyploidy capable of recovering clonogenic 
diploid cells [14-16]. Earlier induction of c-Mos by 
paclitaxel in SKOV3 cells was shown by Ling et al., 
[17], while Gorgoulis et al.,[18] found it in primary 
small cell lung cancer. Similarly, data on the presence of 
the so-called cancer testes-associated antigens (CTA) in 
tumours, among them meiotic, embryonal and placental 
gene products, revealed a link between gametogenesis 
and cancer [19, 20]. These data tempted Lloyd Old to 
provocatively entitle one of his commentaries “Cancer is 
a somatic cell pregnancy” [21]. He wrote: “Because many 
of the cardinal features of cancer are also characteristic 
of gametogenesis/placentation, e.g. migration, invasion, 
immune subversion, apoptosis resistance, induction of 
angiogenesis, etc., it takes little imagination to think that 
cancer-testes gene products controlling these processes 
during gametogenesis confer these same capacities on the 
cancer cell”. This statement contains a frank recognition 
of the embryological theory of cancer. 

The last decade has added yet more complexity. 
In addition to activation of the main meiotic kinase Mos 
and genes of meiotic prophase, certain division features 
characteristic for meiosis (cohesion of sisters and omission 
of one S-phase) were observed in genotoxically-treated 
cancer cells with the involvement of the meiotic cohesin 

REC8 and recombinase DMC1[22]. Mos activation was 
also found during endomitosis [23] or multi-polar mitosis 
of TP53-mutant tumours[16, 24].Our initial speculations 
on these data were that cancer is associated with a 
programmatic recapitulation of the ancient ploidy-cycles 
and asexual life-cycles of early protists [23, 25, 26]. 
Some researchers described somewhat similar changes, 
but did not associate them with meiosis. Formation of 
endo-tetraploid cells with diplochromosomes through 
cohesion of sisters as a consequence of DNA damage 
was substantiated by Davoli and Lange [27]. Walen 
described (in normal senescing or glutamine-deprived 
cells) a-spindled co-segregation in endotetraploid cells 
of entire (haploid) genome complements (2x2C1n) 
and suggested the significance of this process for 
carcinogenesis  [28, 29]. However, further studies revealed 
that not only meiotic genes but also the key genes of early 
embryogenesis were induced by genotoxic treatments in 
various tumour cell lines, (both male and female), and 
associated with reversible polyploidy [30-32]. ESC-like 
gene signatures were also revealed in aggressive primary 
tumours [33-36] and it was shown that neoplastic non-
stem cells could spontaneously convert into CSCs through 
epigenetic regulation [37-40].

Two important new aspects were subsequently 
added to our understanding: (1) as predicted by 
Blagosklonny (2007) differentiated tumour cells were 
shown to have the capacity to de-differentiate and 
become CSC (or “stemloids”) [41]; (2) induction of 
stemness by DNA or spindle damage was shown to be 
associated with the activation of meiotic genes coupled 
to reversible endopolyploidy (in TP53 function deficient 
cells). So, along with meiosis, life-cycle features were 
coupled to reversible polyploidy as evidenced by the 
ectopic ESC gene expression in somatic tumour cells. 
To unite these aspects, we proposed that cancer-related 
polyploidy appeared at the same point in macro-evolution 
at which multicellularity occurred (formed by reversible 
endopolyploidy) in unicellular organisms [42].The 
rationale for this was because this evolutionary period 
coincides with the diversification of somatic and gametic 
lineages, simultaneous with the emergence of sexual 
reproduction and gastrulation [43].

While reversible polyploidisation of tumour cells 
through aborted mitoses (“mitotic slippage”) is now 
established [44, 45] currently, it is unclear how the giant 
polyploid tumour cells de-polyploidise. Various proposals 
have been made including; meiosis-like reduction 
divisions [15, 22]; reduction through diplochromosomes 
and haploidy [28, 29]; multi-polar mitoses [16, 46, 47]; 
and “a-mitotic budding” of descendent sub-cells [48-
51]. Recently, we attempted to unite and order most of 
these various events as a necessary sequence of steps in 
a prolonged process of specific rearrangements [31, 52]. 
However, the mechanisms associated with survival of 
resistant tumour cells after the emergence of reversible 
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polyploidy under genotoxic stresses remain hitherto 
ill-defined, at least in part because of the complexity, 
extension in time, and rarity of the process (as most cells 
die), and so the full picture remains obscure. 

Furthermore, despite the substantial progress in 
understanding the crucial role of polyploidy in cancer, 
recently reviewed by Coward and Hardings [53], clearly, 
we are currently unable to answer many questions. For 
example: Is the meiosis-like response of TP53-mutant 
tumours to genotoxic treatments followed by any syngamy 
(fertilization-like) event(s)? If so, how and when do 
they take place?; Why is stemness induced in somatic 
tumour cells by DNA damage, and why is it associated 
with transient (reversible) polyploidy?;Why do the sub-
nuclei of polyploid giants cells behave autonomously and 
undergo asymmetric divisions [31, 54, 55];How and why 
do multinucleated tumour cells sequestrate cytoplasm to 
their individual sub-nuclear descendants [31]?; How do 
they identify and sort the sub-nuclei containing viable or 
non-viable genetic material [31, 42, 55]?; Why does the 
extent of reversible polyploidisation have an apparent 
limit of ~32C which coincides with the cell number in the 
morula (blastulation) stage of embryogenesis [42] and are 
these somehow related?; Why is accelerated senescence 
coupled to induced stemness in these DNA damaged 
cells [52, 56-58]?; What explains the kinetics of MOS 
and REC8 activation during the polyploidisation and de-
polyploidisation processes [14, 15]? 

Most of these questions can potentially be addressed 
in terms of the parthenogenetic theory of cancer, which 
stemmed from the embryonal theory. We have occasionally 
seen visual evidence that could be interpreted in this way 
in our own studies; some examples of which are presented 
in Fig. 1. 

Parthenogenesis (“virgin birth” in Greek) is a 
special reproductive strategy widely used in the plant 
and animal kingdom, in which an unfertilized egg is 
reunited with a polar body, and undergoes embryogenesis 
to develop adult offspring. The parthenogenetic theory of 
cancer was first suggested by Beutner [60] (cited from 
Erenpreiss [2]) and updated more recently by Vladimir 
Vinnitsky [3, 61]. This link is also made more apparent 
with a series of recent studies reporting the spherogenicity 
and malignancy of endopolyploid tumour cells (ETC). In 
these experiments, polyploid giant cancer cells were sorted 
either manually [62], or chemically – using the hypoxia 
mimic CoCl

2
 [50, 63] or by serial selections in etoposide 

[51]. These ETC displayed increased resistance to chemo-
radiotherapy, expressed key ESC and germline factors 
(Oct4/Nanog, Sox2, SCF, c-kit), and surface markers 
(CD44, CD133) as well as an ESC-like microRNA 
profiles. These single ETC were shown capable of forming 
tumour spheroids which could undergo differentiation 
into the three germ layers and critically to form tumours 
in immunodeficient mice with high efficiency [50, 62]. In 
other words, the revelations of Barry Pierce and colleagues 

detailed earlier for single carcinoma cells have now been 
shown to be attributable to single ETC. These experiments 
were performed on tumour cell lines representing 
almost all cancer types (breast, ovarian, bladder, colon, 
glioblastoma, fibrosarcoma, osteosarcoma, retinoblastoma, 
lymphoma). Moreover, it was shown that these giant 
polyploid tumour cells possessing large subnuclei 
ultimately bud smaller cells [51] of fibroblastic shape and 
with markers of epithelial-mesenchymal transition (EMT) 
[50].The occurrence of asymmetric mitotic divisions 
in the late ETC which precede cellularisation and the 
release of rejuvenated sub-cells was also suggested by 
us previously [31]. Thus, through the generation and 
reversal of polyploidy coupled to this embryonal-type 
stemness induction, these tumour cells potentially elicit an 
“invasion” phenotype in their descendants. Theoretically 
and based on our cancer cell “life cycle” hypothesis 
wherein reversible polyploidy releases the germline [24-
26] it means that the cells undergoing EMT with ‘embryo-
like” features are the biological equivalent of a germ cell, 
as also concluded by Zhang and colleagues [50].

These observations and conclusions largely fit the 
embryonal theory of cancer. Its oncogerminative variant is 
proposed by Vladimir Vinnitsky [3, 61] and illustrated in 
Fig.2. Within the scheme, three main tenets are outlined: 
reproduction of the oncogerminative cell by an embryonal 
cleavage-like process (with the parthenogenetic origin of 
the tumour initiating CSC); the equivalence between the 
tumour spheroid and the a-vascular blastocyst-stage of 
embryogenesis; and the invading potential of the germline 
(EMT) mimicking the biological properties of primordial 
germ cells (PGC) in normal embryogenesis. The similarity 
between PGC and migrating tumour cells was previously 
supposed by John Beard in 1902 [64], cited from Beckett 
[65] highlighting the embryological theory as a gateway to 
the cancer stem cell theory. Notably, cycles of MET- EMT 
epigenetic transitions interspersed by this embryonal life-
cycle are proposed by Vinnitsky as the mechanism behind 
the observed ongoing cancer relapses.

Although Vinnitsky did not consider the 
polyploidisation of tumour cells as a participant in this 
embryological process, the very idea of parthenogenesis 
provides a place for the observed activation of meiotic 
genes and meiotic-like divisions in the DNA damaged 
tumour cells because parthenogenesis needs first 
formation and maturation of an oocyte. Moreover, the 
main driver of oogenesis, Mos-kinase, was shown to 
be induced by genotoxic treatments in tumour cells of 
various origins, as described above. Therefore, a somatic 
meiosis-like process* seems to be the first step in the 
DNA damage response. Mos can also arrest cells in a 
‘mitotic checkpoint” protecting them from apoptosis as 
an alternative to mitotic catastrophe [24]. Given the 
evidence outlined above relating to ETC, the polyploid 
giant cells appear to represent pathological analogs of the 
early embryo. Subsequently, a syngamic event is required 
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to occur between “meiosis” and “embryo cleavage”. A 
hypothetical scheme of how these key events may occur 
in sequence is presented in Fig.3.

* somatic meiosis does not necessarily need 

recombination between homologs, which may be 

substituted by recombination between sister chromatids 

[66].
A polyploid giant cell leading to the formation 

of a tumour spheroid, when put into the context of the 
embryological process (coined a pseudo-morula and 
pseudo-blastocyst by Vinnitsky 2014), coincides with 
our previous notion that the development of a giant 
tumour cell (through endopolyploidisation) is equivalent 
to the embryonal cleavage (endo-)cycles that reach 
“a developmental checkpoint of totipotency” at 32C. 
This represents ~4 abortive mitoses, which occur by 
day 5, the point from which the reverse of polyploidy, 
ultimately ending in de-polyploidisation and release of 
mitotic descendants, is initiated [31, 55, 67]. This period 
of five days may represent a checkpoint of tumour cell 

endopolyploidisation of embryonal origin and is seen in 
several other models [32, 68]. Here, we should explain 
why tumour ‘pseudo-blastomeres’ are polyploid. During 
cleavage of the tumour pseudo-embryo the pseudo-
blastomeres do not undergo full cytotomy until the 
blastula-equivalent stage, after which the giant cell sub-
nuclei undergo cellularisation (sequestration of individual 
cytoplasm territories) preceding the ‘budding’ of daughter 
cells (described in [26, 31, 48, 50, 51]. This type of 
cleavage where a syncytial blastoderm is formed and 
shortly afterwards a cluster of germ cells is separated along 
with cellularisation is well-characterised in Drosophila, 
perhaps the best understood of all developmental systems 
[69]. Endopolyploidy, multi-nucleation with multiplication 
of pronuclei and/or polar bodies are seen in pathological 
human eggs (numerous examples are seen in the pictures 
from the Advanced Fertility Center of Chicago http://
www.advancedfertility.com/abnormal-ivf-egg-pictures.
htm). These pictures resemble those of multi-nucleated 
(“pregnant”) giant tumour cells presented by Diaz-

Fig.1: Embryonal features of endopolyploid tumour cells induced by DNA damage: A) Namalwa cells (44, X, -Y) (post 
10 Gy irradiation). Two asymmetric reduction divisions are observed which resemble the formation and subsequent division of the first 
polar body (PB) in the maturing oocyte (2 hour treatment with lactocystin before fixation allowed the preservation of both mid-bodies, 
arrowed), republished from [54]; B) WI-L2-NS (47, XY) cells (post 10 Gy irradiation). The induced giant polyploid cell resembles a 4-cell 
embryo; C) HeLa S3 (68, XXX) cell line (post 10 Gy irradiation). A tumour-spheroid that resembles a morula is observed; (republished 
from [15] ; D) Namalwa cells 14 days post 10 Gy irradiation. Transmission EM of a giant polyploid tumour cell following aborted radial 
division. Two types of subnuclei are observed; one with a conventional structure and another with a juvenile-like structure (not present in 
non-treated controls, arrowed); E) A431MetforR (metformin-resistant) cells were selected as indicated [59], (72, XX). A giant cell showing 
mild autophagic activity and actin-enriched individual cytoplasmic regions around small sub-nuclei; F) Namalwa polyploid giant cell 
budding a cellularised descendant that has been sequestered from the parent’s cytoplasm 13 days post 10 Gy irradiation, republished from 
[26]. Bars =10 μm.
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Carballo, et al. [51] and Zhang, et al. [50]. Interesting 
changes are observed in giant tumour cells after reaching 
“the totipotency checkpoint”. Radial divisions (incomplete 
cytotomy) described previously by us in late ETC occur 
which precede casting off the external layer of cytoplasm 
along with cellularisation and release of small descendants 
by ‘budding’ [31, 44, 67]. In some way, this process is 
associated with diversification (by asymmetric divisions) 
of the giant cell sub-nuclei into two types, larger (not 
individualizing cytoplasm) destined to degenerate, and 
smaller (proliferative, endowed by stemness factors and 
decompacted chromatin, acquiring their own cytoplasm 
and actin ring) for shedding with the aid autophagy (Fig. 
1D-F). Radial cleavage furrows is a well-known feature of 
the animal cleavage pattern which situates the blastomeres 
in a doughnut pattern where they remain totipotent and 
bridged up to the 32 cell stage as reported in Volvox [70]. 
Curiously, fossils of early animals dated ca. 570- 620 Ma 
were found to show 32-cell blastula [71]. The genealogy 
of cancer may therefore be truly ancient!

However, there are two key points in the scheme 
of Vinnitsky that require further clarification. 1) How 
do settled MET cells return to the parthenogenetic life-
cycle again, and what drives their entry/exit; 2) what is 
the role of the reversible accelerated senescence reported 
by multiple observers [58, 68, 72-75] which accompanies 

reversible polyploidy in this process and paradoxically can 
favour survival? The latest data demonstrate that tumour 
cells can shuttle between low and high malignant states 
according to their MET/EMT status through epigenetic 
changes of bi-stable chromatin [40]. This addresses the 
biochemical aspects of the phenomenon. Here, we would 
like to suggest that biologically the MET cells, previously 
produced from EMT, may undergo accelerated cellular 
senescence due to accumulation of ROS and DNA strand 
breaks. The accumulation of DNA damage is a hallmark 
of accelerated senescence [76]. However, DNA damage 
is also considered as a major cause for the evolution of 
DNA repair by recombination, which gave rise to meiosis 
through ploidy cycles [23, 66, 77]. Interestingly, a simple 
doubling in the amount of ROS is sufficient to induce the 
genes which initiate the facultative sexual reproduction 
cycle in Volvox carteri [78], indicating the ancestral role 
of sexual reproduction as an adaptive response to stress 
and ROS-induced DNA damage [77].

Markers of accelerated senescence and DNA 
damage were unexpectedly found to be linked to markers 
of stemness in senescing IMR-90 fibroblasts [56] and 
etoposide-or irradiation treated tumour cells arrested in 
G2-phase [57, 58]. The p21-dependent senescence related 
to stemness pathways (TGF-β and PI3K) was revealed 
in normal embryogenesis [79]. Moreover, senescence 

Fig.2: The figure and legend are reproduced from [3], with consent of Vladimir Vinnitsky. Stages of the life cycles of 
germline cells (A) and oncogerminative cells (B). (A) Z, zygote; CSE, cleavage stage embryo; MSE, morula stage embryo; ABSE, 
avascular blastocyst-stage embryo; IBSE, implanted blastocyst-stage embryo; F, fetus. SMB, sexually mature body. (B) CSC, cancer stem 
cell (i.e., oncogerminative cell); PCSC, parthenogenetic cancer stem cell (a pseudo-cleavage-stage embryo); TG, tumor germ (a morula-
stage embryo-like structure); TS, tumor spheroid (an imitation avascular blastocyst-stage embryo); VTS/VT, vascularized tumor spheroid 
and/or vascularized tumor (an implanted blastocyst-stage embryo-like entity). 
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markers are predictors of poor prognosis in lung cancer 
patients after neo-adjuvant therapy [74]. All of this 
highlights the close link between accelerated senescence 
and stemness and their relationship to carcinogenesis [52].

The origin of sexual reproduction is a complex 
and much debated issue. DNA recombination by meiosis 
coupled with sex (i.e. the fusion of paternal gametes), 
although costly in energetic terms, apparently provides the 
optimal balance between DNA repair and genetic variation 
[80]. Polyploidy as such provides the advantage of 
masking deleterious mutations [66], resistance to toxicity 
and energy depletion [81] and therein better survival of 
polyploid tumour cells in unfavourable conditions [53]. 
Reversible polyploidy coupled with the generation of 
immortal germ cells therefore captures the advantages of 
both. We propose that mammalian cancer cells use exactly 
this phylogenetic program ensuring immortality (by a 
life-cycle) and genome plasticity and heterogeneity (by 
stemness) through epigenetic and genetic variation (and 
subsequent clonal selection) as a basis for developing 
resistance to treatments.

It can be suggested that accelerated senescence of 
genotoxically damaged tumour cells serves as a bridge 
and stochastic option for the initiation of the next (cancer) 
life-cycle, which is also accelerated (starting from meiotic- 
and syngamic-like events and ending with the blastula/
spheroid through formation of the germ-like EMT tumour 
cells in a process akin to early embryogenesis carried out 

in approximately one-two weeks). Interestingly, our recent 
research on etoposide-treated embryonal carcinoma cells 
showed that a potential regulator and trigger for this switch 
is OCT4 (POU5F1), a carrier of life-cycle totipotency 
[82]; and induced in a TP53-dependent manner alongside 
p21CIP1. The choice between the two opposite cell fates 
(reinitiate cell divisions or undergo terminal senescence) in 
transiently bi-potential cells is undertaken in G2 arrest [57] 
and this barrier can become adapted to start polyploidy 
[56]. When the tetraploidy barrier is overcome, the TP53 
tumour-suppressing function becomes surpassed [83], 
likely by methylation of its promoter [84], while mTOR 
linking to p21-mediated senescence becomes suppressed, 
thus allowing the reversal of senescence [58]. We suggest 
that the cancer cell ‘life cycle’ is therefore initiated by 
meiosis and locked by accelerated senescence with the 
opposing outcomes diverging from the same DNA damage 
checkpoint [52] supporting the earlier supposition that 
“Carcinogenesis always is started with immortalisation. 
That is a possibility to overcome senescence” [2, 85]. 
We therefore arrive at the same conclusion suggested by 
Rajaraman [49] that immortality of cancer cells is not 
perpetual but becomes cyclically renewed.

Intriguingly, an ~5 day period of ‘stochastic’ 
choice between senescence/MET and self-renewal/EMT, 
separated by a longer rate-limiting period of further 
determination of self-renewal has also been reported 
during the induction of pluripotent stem cells (iPSC) [86], 

Fig.3: Hypothetical scheme of cancer cell ‘life cycle’ based on embryological concept and experimental observations 
of TP53 dysfunctional tumour cell lines after genotoxic treatments.
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with the whole process taking ~30 days.
One further consideration of the parthenogenetic 

origin of cancer is that parthenogenesis is typically viewed 
as a female privilege. Although commonly believed, this 
is not quite true. Mammalian primordial germ cells (PGC) 
of either XX or XY karyotype are sexually dimorphic 
and have the potential to enter either spermatogenesis or 
oogenesis. In a female genital ridge, or in a non-gonadal 
environment in vivo, as well as autonomously in tissue 
culture both 46XX and 46XY PGCs develop as meiotic 
oocytes [87] and can therefore initiate parthenogenesis. 
Only male gonadal somatic cells, which differentiate, 
through SRY (sex determining gene on Y chromosome) 
instruction to SOX9, into Leydig and Sertoli cells 
producing and stabilizing testosterone inhibiting PGCs 
from entering oogenesis, are directed to a spermatogenic 
fate [88]. Therefore, it should be no surprise that male 
ECS cells can undergo development until the blastula 
stage as described by Hubner and Scholer[89] and that 
male lymphoblastoma cells, like WI-L2-NS, induce key 
drivers of oogenesis such as Mos[14],and OCT4 [30] and 
can develop after genotoxic damage into early embryo-
like OCT4-positive giant cells (Fig.1B). Interestingly, 
there are reports of the frequent loss of Y chromosomes in 
male cancers, for example at initial diagnosis of myeloid 
malignancies, with restoration of the normal karyotype 
(46XY) at remission [90].

An additional facet to be considered relates to 
aneuploidy. Aneuploidy is a typical hallmark of cancer, 
accompanying polyploidy and is usually explained by 
the instability of the cancer genome losing or gaining 
chromosomes during proliferation [91, 92]. However, 
this approach does not explain the “aneuploidy paradox”: 
given its inherent anti-proliferative potential, why is 
aneuploidy obstinately retained in proliferating tumours 
[93, 94]?.Why do many cancers keep to para-triploidy, 
which in childhood neuroblastoma is associated with less 
chromosomal aberration and more favourable outcome 
[95], while other tumours are para-haploid [28, 96]? This 
paradox may be also resolved within the parthenogenetic 
theory of cancer. 

Animals use multiple mechanisms of 
parthenogenesis, most of which depend on polar bodies 
that do not degenerate. So, besides several variants of 
parthenogenetic fusions leading to restoration of 2n 
chromosome number, there are also other variants allowing 
triploid cells to form [97]. Notably, ESCs resulting from 
haploid mouse parthenogenesis can also acquire germline 
potency after diploidisation [98], which can thus lead to 
loss of heterozygosity and loss of tumour suppression. 
The essence of meiosis is genetic recombination, so that 
each meiotic division produces a distinct sibling. Embryos 
that retain their polar bodies during development thus 
have two or more different genomes enabling genetic 
variation a-sexually. If tumour cells are involved in 
a macroevolutionary predetermined life-cycle with 

parthenogenetic components, then segregation of haploid 
paternal genomes and their variable combinations during 
the parthenogenetic fusions may be nearly an inevitable 
component of this process recovering the immortal germ-
line. In turn, losses and gains of separate chromosomes 
are only secondary acquisitions of tumour microevolution, 
driven by instability and stochastic events, which may 
be counterbalanced by the recombinative process of 
meiosis [24]. Interestingly, the “triploid bridge” has been 
established in plants as facilitating a shift from polyploid 
to diploid generations [99].

CONCLUSION

Accumulating data favours a change to the view 
of the phylo-ontogenetic origin of cancer as a pre-
programmed life-cycle process. This view provides 
a conceptual framework within which to explain the 
origin of cancer cells, their immortality and resistance to 
genotoxic treatments, and allows resolution of much of the 
complexity behind cancer phenomenology. It furthermore 
allows us to place the current knowledge on CSC, the 
reversible polyploidy of giant polyploid tumour cells, and 
the ectopic induction of meiosis-like processes into a non-
contradictory hypothesis. 

Perspectives

Accepting this concept of cancer cell embryonality 
and its life-cycle-like process of immortality provides us 
with new ways of understanding and treating cancer. On 
one hand, the embryonal-type plasticity and heterogeneity 
allows tumour cells to bypass many targeted therapies by 
substituting them with alternatives and thereby allowing 
time to undergo genetic drift and clonal selection [100, 
101]. Moreover, genotoxic treatments actually favour 
the embryonalisation of tumour cells, thus promoting 
resistance, relapse and metastases [102-105] causing them 
to become entrapped in the embryonal “cancer attractor’ 
[106-108]. Therefore, truly targeted therapy should be 
designed to hit the ontogenetic root of the cancer life-
cycle and maybe even its phylogenetic origin in early 
multicellularians [26, 42]. 

The view that the genes of cellular cooperation 
that evolved with multicellularity about a billion years 
ago are the same genes that malfunction to cause 
cancer is positioned as the atavistic theory of cancer, 
which is substantiated from both paleontology and 
genetics [109]. It is supposed that this program became 
suppressed in advanced Metazoans by newer genes, 
which are undoubtedly tumour suppressors. Multiple 
atavistic theories did not take into account the polyploidy 
component, however, we suggested previously and 
substantiated here that reversible polyploidy is an essential 
component of this evolutionary-originated cancer cell 
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“life-cycle” program. This consideration brings us 
to the c-myc protooncogene, whose overexpression 
uncouples DNA replication from mitosis, thus leading to 
endopolyploidy [110]. C-myc is one of the most ancient 
genes of early Metazoans [111], linked during evolution 
to the Warburg effect [112]. It is also the main oncogene 
imposing immortality to cancer cells and a master 
regulator of stemness [52]. Importantly, c-myc is a gene, 
whose suppression in in vivo models eliminates “oncogene 
addiction” and cures experimental cancer [113, 114]. 
Therefore, the targets for interrupting the cancer cell ‘life-
cycle’ at its evolutionary root should likely focus around 
c-myc.

On the other hand, if a tumour cell can undergo an 
epigenetic embryonalisation, its epigenetic reverse to a 
differentiated cell should be also possible. This strategy 
- not to fight but to tame tumour cells- seems logical. 
Such studies have been undertaken since the beginning 
of the 20th century; (for rev. see [8, 115-117]. Recently, 
a very interesting experiment was performed showing 
that paclitaxel could induce both EMT and formation of 
benign fibroblasts in an ovarian cancer model [118]. The 
best known and widely applied example of this treatment 
strategy is the differentiation inducer all-trans-retinoic acid 
(RA). Intriguing this is an old Chinese medicine against 
cancer and capable of curing acute myeloid leukemia 
[119]. 

Tumours can be “normalized” by an embryonic 
morphogenetic field [120] or by putting them within 
a normal 3D stroma [121, 122]. The influence of a 
regenerative environment was seen by the insertion of 
sarcoma cells into a fractured rat tibia; the cartilage calus 
formation enslaved them and interrupted their invasive 
growth [123]. 

The most important thing is that while genotoxic 
treatments convert malignant tumour cells into even 
more malignant variants [105], the opposite strategy may 
convert a malignant tumour into a benign one and prevent 
metastases. The epigenetic reprogramming of tumor cells 
by inducing differentiation (f.ex. by cytokines) show 
that epigenetics wins over genetics [124]. This facet in 
principal confirms the notion that embryonalisation is the 
only essential biological feature of tumour cells [2, 42, 
107].

The experiments with nuclear cloning of embryonal 
carcinoma cells revealed that both malignant and 
embryological potentials can co-exist [125]. Therefore 
although it may be impossible to obtain the irreversible 
normalization of genotypically altered tumour cells by 
epigenetic means [126], it should be possible to stop 
tumour progression [117]. 

However, the most exciting thing is that the 
potential targets for these opposing strategies, as well as 
the pathways for genotoxically induced resistance and 
accelerated senescence, all converge at the same molecular 
pathways, around c-myc. Suppression of Wnt/ β-catenin 

signalling (which up-regulates c-myc to promote cell 
proliferation), favours the RA-dependent differentiation 
of embryonal carcinoma [127]. Potential normalization 
targets in spontaneous TP53 mutant tumour revertants 
lead to, among others, presenilin1 activating Notch1 
substrate ɤ-secretase, up-stream of c-myc stress signaling 
[117]. In turn, Notch1, which directly regulates c-myc 
is co-operating with Wnt in enhancing tumorigenesis 
[128] enriches mammospheres induced in breast cancer 
by irradiation [129]. In addition, it was also found that 
p21CIP1, involved in regulation of cellular senescence, 
functions as a negative transcriptional regulator of WNT4 
downstream of Notch 1 [130] and that p21CIP1 potentially 
reorganizes the nucleus during tumour reversion [117]. 
So, at the molecular level, all roads meet. This provides 
the hope that a single key, unavoidable, pathway may be 
targeted to finally cure cancer.

ACKNOWLEDGMENTS

This study was supported by the Latvian Scientific 
Council grant Nr 341/2012.

Conflict of interests

The authors declare no conflict of interests.

REFERENCES

1.  Weinberg RA. Coming Full Circle-From Endless 

Complexity to Simplicity and Back Again. Cell 

2014;157:267-71.

2.  Erenpreiss JO. Current concepts of malignant growth. Riga: 

Zinâtne Publ; 1993.

3.  Vinnitsky VB. The development of a malignant tumor is 

due to a desperate asexual self-cloning process in which 

cancer stem cells develop the ability to mimic the genetic 

program of germline cells. Intrinsically Disordered Proteins 

2014;2:1272-84.

4.  Bignold LP, Coghlam B, Jersmann H. David Paul von 

Hansemann: Contributions to Oncology. 2007.

5.  Stevens LC. Experimental Production of Testicular 

Teratomas in Mice. Proceedings of the National Academy 

of Sciences of the United States of America 1964;52:654-

61.

6.  Kleinsmith LJ, Pierce GB. Multipotentiality of 

Single Embryonal Carcinoma Cells. Cancer Research 

1964;24:1544-51.

7.  Pierce GB, Wallace C. Differentiation of Malignant to 

Benign Cells. Cancer Research 1971;31:127-34.

8.  Pierce GB. Carcinoma Is to Embryology As Mutation Is to 

Genetics. American Zoologist 1985;25:707-12.

9.  Illmensee K, Mintz B. Totipotency and Normal 

Differentiation of Single Teratocarcinoma Cells Cloned 



Oncoscience11www.impactjournals.com/oncoscience

by Injection Into Blastocysts. Proceedings of the National 

Academy of Sciences of the United States of America 

1976;73:549-53.

10.  Mintz B, Illmensee K. Normal Genetically Mosaic 

Mice Produced from Malignant Teratocarcinoma Cells. 

Proceedings of the National Academy of Sciences of the 

United States of America 1975;72:3585-9.

11.  Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, 

cancer, and cancer stem cells. Nature 2001;414:105-11.

12.  Dalerba P, Cho RW, Clarke MF. Cancer stem cells: Models 

and concepts. Annual Review of Medicine 2007;58:267-84.

13.  Weismann A. Das Keimplasma: Eine Theorie Der 

Vererbung. 1892.

14.  Kalejs M, Ivanov A, Plakhins G, Cragg MS, Emzinsh D, 

Illidge TM et al. Upregulation of meiosis-specific genes 
in lymphoma cell lines following genotoxic insult and 

induction of mitotic catastrophe. Bmc Cancer 2006;6.

15.  Ianzini F, Kosmacek EA, Nelson ES, Napoli E, Erenpreisa 

J, Kalejs M et al. Activation of Meiosis-Specific Genes Is 
Associated with Depolyploidization of Human Tumor Cells 

following Radiation-induced Mitotic Catastrophe. Cancer 

Research 2009;69:2296-304.

16.  Vitale I, Senovilla L, Jemaa M, Michaud M, Galluzzi 

L, Kepp O et al. Multipolar mitosis of tetraploid cells: 

inhibition by p53 and dependency on Mos. Embo Journal 

2010;29:1272-84.

17.  Ling YH, Yang YD, Tornos C, Singh BR, Perez-Soler R. 

Paclitaxel-induced apoptosis is associated with expression 

and activation of c-Mos gene product in human ovarian 

carcinoma SKOV3 cells. Cancer Research 1998;58:3633-

40.

18.  Gorgoulis VG, Zacharatos P, Mariatos G, Liloglou T, 

Kokotas S, Kastrinakis N et al. Deregulated expression of 

c-mos in non-small cell lung carcinomas: Relationship with 

p53 status, genomic instability, and tumor kinetics. Cancer 

Research 2001;61:538-49.

19.  Old LJ. Cancer/testis (CT) antigens - a new link between 

gametogenesis and cancer. Cancer Immun 2001;1:1.

20.  Kalejs M, Erenpreisa J. Cancer/testis antigens and 

gametogenesis: a review and „brain-storming“ session. 

Cancer Cell International 2005;5.

21.  Old LJ. Cancer is a somatic cell pregnancy. Cancer Immun 

2007;7:19.

22.  Erenpreisa J, Cragg MS, Salmina K, Hausmann M, 

Scherthan H. The role of meiotic cohesin REC8 in 

chromosome segregation in gamma irradiation-induced 

endopolyploid tumour cells. Experimental Cell Research 

2009;315:2593-603.

23.  Erenpreisa J, Kalejs M, Cragg MS. Mitotic catastrophe 

and endomitosis in tumour cells: An evolutionary key 

to a molecular solution. Cell Biology International 

2005;29:1012-8.

24.  Erenpreisa J, Cragg MS. MOS, aneuploidy and the ploidy 

cycle of cancer cells. Oncogene 2010;29:5447-51.

25.  Erenpreisa J, Cragg MS. Cancer: A matter of life cycle? Cell 

Biology International 2007;31:1507-10.

26.  Erenpreisa J, Cragg. Life-cycle features of tumour cells. In: 

P.Pontarotti, editor. Evolutionary Biology from Concept to 

Application. Berlin-Heidelberg: Springer Verlag; 2008; p. 

61-7.

27.  Davoli T, de Lange T. The Causes and Consequences of 

Polyploidy in Normal Development and Cancer. Annual 

Review of Cell and Developmental Biology, Vol 27 

2011;27:585-610.

28.  Walen KH. Haploidization of Human Diploid Metaphase 

Cells: Is This Genome Reductive Mechanism Opperational 

in Near-Haploid Leukemia? Journal of Cancer Therapy 

2014;4:101-14.

29.  Walen KH. Spindle apparatus uncoupling in endo-tetraploid 

asymmetric division of stem and non-stem cells. Cell Cycle 

2009;8:3234-7.

30.  Salmina K, Jankevics E, Huna A, Perminov D, Radovica 

I, Klymenko T et al. Up-regulation of the embryonic self-

renewal network through reversible polyploidy in irradiated 

p53-mutant tumour cells. Experimental Cell Research 

2010;316:2099-112.

31.  Erenpreisa J, Salmina K, Huna A, Kosmacek EA, Cragg 

MS, Ianzini F et al. Polyploid tumour cells elicit paradiploid 

progeny through depolyploidizing divisions and regulated 

autophagic degradation. Cell Biology International 

2011;35:687-95.

32.  Lagadec C, Vlashi E, Della Donna L, Dekmezian C, Pajonk 

F. Radiation-Induced Reprogramming of Breast Cancer 

Cells. Stem Cells 2012;30:833-44.

33.  Ben-Porath I, Thomson MW, Carey VJ, Ge R, Bell GW, 

Regev A et al. An embryonic stem cell-like gene expression 

signature in poorly differentiated aggressive human tumors. 

Nature Genetics 2008;40:499-507.

34.  Saigusa S, Tanaka K, Toiyama Y, Yokoe T, Okugawa Y, Ioue 

Y et al. Correlation of CD133, OCT4, and SOX2 in Rectal 

Cancer and Their Association with Distant Recurrence 

After Chemoradiotherapy. Annals of Surgical Oncology 

2009;16:3488-98.

35.  Ge N, Lin HX, Xiao XS, Guo L, Xu HM, Wang X et al. 

Prognostic significance of Oct4 and Sox2 expression in 
hypopharyngeal squamous cell carcinoma. Journal of 

Translational Medicine 2010;8.

36.  Shen LF, Huang XQ, Xie XX, Su J, Yuan J, Chen X. 

High Expression of SOX2 and OCT4 Indicates Radiation 

Resistance and an Independent Negative Prognosis 

in Cervical Squamous Cell Carcinoma. Journal of 

Histochemistry & Cytochemistry 2014;62:499-509.

37.  Roesch A, Fukunaga-Kalabis M, Schmidt EC, Zabierowski 

SE, Brafford PA, Vultur A et al. A Temporarily 

Distinct Subpopulation of Slow-Cycling Melanoma 

Cells Is Required for Continuous Tumor Growth. Cell 

2010;141:583-94.

38.  Gupta PB, Fillmore CM, Jiang GZ, Shapira SD, Tao K, 



Oncoscience12www.impactjournals.com/oncoscience

Kuperwasser C et al. Stochastic State Transitions Give Rise 

to Phenotypic Equilibrium in Populations of Cancer Cells. 

Cell 2011;146:633-44.

39.  Chaffer CL, Brueckmann I, Scheel C, Kaestli AJ, Wiggins 

PA, Rodrigues LO et al. Normal and neoplastic nonstem 

cells can spontaneously convert to a stem-like state. 

Proceedings of the National Academy of Sciences of the 

United States of America 2011;108:7950-5.

40.  Chaffer CL, Marjanovic ND, Lee T, Bell G, Kleer CG, 

Reinhardt F et al. Poised Chromatin at the ZEB1 Promoter 

Enables Breast Cancer Cell Plasticity and Enhances 

Tumorigenicity. Cell 2013;154:61-74.

41.  Blagosklonny MV. Cancer stem cell and cancer stemloids. 

Cancer Biology & Therapy 2007;6:1684-90.

42  Erenpreisa J, Cragg MS, Anisimov AP, Illidge TM. Tumor 

cell embryonality and the ploidy number 32n Is it a 

developmental checkpoint? Cell Cycle 2011;10:1873-4.

43.  Bell G. The origin and early evolution of germ cells as 

illustrated by the Volvocales. In. The origin and evolution 

of sex; 1985; p. 221-56.

44.  Erenpreisa J, Kalejs M, Ianzini F, Kosmacek EA, Mackey 

MA, Emzinsh D et al. Segregation of genomes in polyploid 

tumour cells following mitotic catastrophe. Cell Biology 

International 2005;29:1005-11.

45.  Vakifahmetoglu H, Olsson M, Zhivotovsky B. Death 

through a tragedy: mitotic catastrophe. Cell Death and 

Differentiation 2008;15:1153-62.

46.  Gisselsson D, Hakanson U, Stoller P, Marti D, Jin Y, 

Rosengren AH et al. When the Genome Plays Dice: 

Circumvention of the Spindle Assembly Checkpoint and 

Near-Random Chromosome Segregation in Multipolar 

Cancer Cell Mitoses. Plos One 2008;3.

47.  Vitale I, Galluzzi L, Senovilla L, Criollo A, Jemaa M, 

Castedo M et al. Illicit survival of cancer cells during 

polyploidization and depolyploidization. Cell Death and 

Differentiation 2011;18:1403-13.

48.  Sundaram M, Guernsey DL, Rajaraman MM, Rajaraman 

R. Neosis - A novel type of cell division in cancer. Cancer 

Biology & Therapy 2004;3:207-18.

49.  Rajaraman R, Guernsey DL, Rajaraman MM, Rajaraman 

SR. Stem cells, senescence, neosis and self-renewal in 

cancer. Cancer Cell International 2006;6.

50.  Zhang S, Mercado-Uribe I, Xing Z, Sun B, Kuang J, Liu J. 

Generation of cancer stem-like cells through the formation 

of polyploid giant cancer cells. Oncogene 2014;33:116-28.

51.  Diaz-Carballo D, Gustmann S, Jastrow H, Acikelli AH, 

Dammann P, Klein J et al. Atypical cell populations 

associated with acquired resistance to cytostatics and cancer 

stem cell features: the role of mitochondria in nuclear 

encapsulation. DNA Cell Biol 2014;33:749-74.

52.  Erenpreisa J, Cragg MS. Three steps to the immortality 

of cancer cells: senescence, polyploidy and self-renewal. 

Cancer Cell International 2013;13.

53.  Coward J, Harding A. Size Does Matter: Why Polyploid 

Tumor Cells are Critical Drug Targets in the War on Cancer. 

Front Oncol 2014;4:123.

54.  Erenpreisa J, Ivanov A, Wheatley SP, Kosmacek EA, 

Ianzini F, Anisimov AP et al. Endopolyploidy in irradiated 

p53-deficient tumour cell lines: persistence of cell division 
activity in giant cells expressing Aurora-B kinase. Cell Biol 

Int 2008;32:1044-56.

55.  Erenpreisa JA, Cragg MS, Fringes B, Sharakhov I, Illidge 

TM. Release of mitotic descendants by giant cells from 

irradiated Burkitt’s lymphoma cell lines. Cell Biology 

International 2000;24:635-48.

56.  Huna A, Salmina K, Jascenko E, Duburs G, Inashkina I, 

Erenpreisa J. Self-Renewal Signalling in Presenescent 

Tetraploid IMR90 Cells. J Aging Res 2011;2011:103253.

57.  Jackson TR, Salmina K, Huna A, Inashkina I, Jankevics 

E, Riekstina U et al. DNA damage causes TP53-dependent 

coupling of self-renewal and senescence pathways in 

embryonal carcinoma cells. Cell Cycle 2013;12:430-41.

58.  Chitikova ZV, Gordeev SA, Bykova TV, Zubova SG, 

Pospelov VA, Pospelova TV. Sustained activation of DNA 

damage response in irradiated apoptosis-resistant cells 

induces reversible senescence associated with mTOR 

downregulation and expression of stem cell markers. Cell 

Cycle 2014;13:1424-39.

59.  Menendez JA, Cufi S, Oliveras-Ferraros C, Martin-Castillo 
B, Joven J, Vellon L et al. Metformin and the ATM DNA 

damage response (DDR): Accelerating the onset of stress-

induced senescence to boost protection against cancer. 

Aging-Us 2011;3:1063-77.

60.  Beutner R. Über die Ursache der Neoplasie. J Cancer Res 

Oncol 1926;24:99-116.

61.  Vinnitsky VB. Oncogerminative Hypothesis of Tumor-

Formation. Medical Hypotheses 1993;40:19-27.

62.  Weihua Z, Lin Q, Ramoth AJ, Fan D, Fidler IJ. Formation 

of solid tumors by a single multinucleated cancer cell. 

Cancer 2011;117:4092-9.

63.  Lopez-Sanchez LM, Jimenez C, Valverde A, Hernandez V, 

Penarando J, Martinez A et al. CoCl2, a Mimic of Hypoxia, 

Induces Formation of Polyploid Giant Cells with Stem 

Characteristics in Colon Cancer. Plos One 2014;9.

64.  Beard J. Hereditary and the Epicycle of the Germ-Cells. 

Biologisches Centralblatt 1902;22:321-408.

65.  Beckett A. Embryological aspects and etiology of 

carcinoma: Gateway to the cancer stem cell theory. 2006. 

11-11-2014. Ref Type: Online Source

66.  Kondrashov AS. The Asexual Ploidy Cycle and the Origin 

of Sex. Nature 1994;370:213-6.

67.  Illidge TM, Cragg MS, Fringes B, Olive P, Erenpreisa JA. 

Polyploid giant cells provide a survival mechanism for p53 

mutant cells after DNA damage. Cell Biology International 

2000;24:621-33.

68.  Puig PE, Guilly MN, Bouchot A, Droin N, Cathelin D, 

Bouyer F et al. Tumor cells can escape DNA-damaging 

cisplatin through DNA endoreduplication and reversible 



Oncoscience13www.impactjournals.com/oncoscience

polyploidy. Cell Biology International 2008;32:1031-43.

69.  Wolpert L, Beddington R, Jessel T, Lawrence P, Meyerowitz 

E, Smith J. Principles of development. Oxford: Oxford 

University Press; 2002.

70.  Green KJ, Viamontes GI, Kirk DL. Mechanism of 

Formation, Ultrastructure, and Function of the Cytoplasmic 

Bridge System During Morphogenesis in Volvox. Journal of 

Cell Biology 1981;91:756-69.

71.  Xiao SH, Knoll AH. Phosphatized animal embryos 

from the Neoproterozoic Doushantuo Formation at 

Weng’An, Guizhou, South China. Journal of Paleontology 

2000;74:767-88.

72.  Sliwinska MA, Mosieniak G, Wolanin K, Babik A, 

Piwocka K, Magalska A et al. Induction of senescence 

with doxorubicin leads to increased genomic instability of 

HCT116 cells. Mech Ageing Dev 2009;130:24-32.

73.  Sabisz M, Skladanowski A. Cancer stem cells and escape 

from drug-induced premature senescence in human lung 

tumor cells Implications for drug resistance and in vitro 

drug screening models. Cell Cycle 2009;8:3208-17.

74.  Wang Q, Wu PC, Dong DZ, Ivanova I, Chu E, Zeliadt S et 

al. Polyploidy road to therapy-induced cellular senescence 

and escape. International Journal of Cancer 2013;132:1505-

15.

75.  Sikora E. Rejuvenation of senescent cells-The road 

to postponing human aging and age-related disease? 

Experimental Gerontology 2013;48:661-6.

76.  di Fagagna FD. Living on a break: cellular senescence 

as a DNA-damage response. Nature Reviews Cancer 

2008;8:512-22.

77.  Bernstein H, Byerly H, Hopf F, Michod RE. DNA repair 

and complementation: The major factors in the origin and 

maintenance of sex. In. The origin and evolution of sex; 

1985; p. 29-45.

78.  Nedelcu AM, Marcu O, Michod RE. Sex as a response 

to oxidative stress: a twofold increase in cellular reactive 

oxygen species activates sex genes. Proceedings of the 

Royal Society B-Biological Sciences 2004;271:1591-6.

79.  Munoz-Espin D, Canamero M, Maraver A, Gomez-Lopez 

G, Contreras J, Murillo-Cuesta S et al. Programmed Cell 

Senescence during Mammalian Embryonic Development. 

Cell 2013;155:1104-18.

80.  Otto SP. The Evolutionary Enigma of Sex. American 

Naturalist 2009;174:S1-S14.

81.  Anatskaya OV, Vinogradov AE. Somatic polyploidy 

promotes cell function under stress and energy depletion: 

evidence from tissue-specific mammal transcriptome. 
Functional & Integrative Genomics 2010;10:433-46.

82.  Yeom YI, Fuhrmann G, Ovitt CE, Brehm A, Ohbo K, Gross 

M et al. Germline regulatory element of Oct-4 specific 
for the totipotent cycle of embryonal cells. Development 

1996;122:881-94.

83.  Park SU, Choi ES, Jang YS, Hong SH, Kim IH, Chang DK. 

[Effects of chromosomal polyploidy on survival of colon 

cancer cells]. Korean J Gastroenterol 2011;57:150-7.

84.  Zheng L, Dai HF, Zhou MA, Li XJ, Liu CW, Guo ZG et 

al. Polyploid cells rewire DNA damage response networks 

to overcome replication stress-induced barriers for tumour 

progression. Nature Communications 2012;3.

85.  Erenpreiss JG. Gametogenesis as a molecular model of 

cancerogenesis: A current view of the embryological theory 

of cancer. Proc Latv Acad Sci Part B 1992;3:55-63.

86.  Buganim Y, Faddah DA, Jaenisch R. Mechanisms and 

models of somatic cell reprogramming. Nature Reviews 

Genetics 2013;14:427-39.

87.  Chuma S, Nakatsuji N. Autonomous transition into 

meiosis of mouse fetal germ cells in vitro and its inhibition 

by gp130-mediated signaling. Developmental Biology 

2001;229:468-79.

88.  Adams IR, McLaren A. Sexually dimorphic development of 

mouse primordial germ cells: switching from oogenesis to 

spermatogenesis. Development 2002;129:1155-64.

89.  Hubner K, Fuhrmann G, Christenson LK, Kehler J, 

Reinbold R, De La Fuente R et al. Derivation of oocytes 

from mouse embryonic stem cells. Science 2003;300:1251-

6.

90.  Zhang LJ, Shin ES, Yu ZX, Li SB. Molecular genetic 

evidence of Y chromosome loss in male patients with 

hematological disorders. Chinese Medical Journal 

2007;120:2002-5.

91.  Duesberg P, Li R, Fabarius A, Hehlmann R. Aneuploidy and 

cancer: from correlation to causation. Contrib Microbiol 

2006;13:16-44.

92.  Gordon DJ, Resio B, Pellman D. Causes and consequences 

of aneuploidy in cancer. Nature Reviews Genetics 

2012;13:189-203.

93.  Tang YC, Williams BR, Siegel JJ, Amon A. Identification 
of Aneuploidy-Selective Antiproliferation Compounds. Cell 

2011;144:499-512.

94.  Holland AJ, Cleveland DW. Losing balance: the origin and 

impact of aneuploidy in cancer. Embo Reports 2012;13:501-

14.

95.  Spitz R, Betts DR, Simon T, Boensch M, Oestreich J, Niggli 

FK et al. Favorable outcome of triploid neuroblastomas: a 

contribution to the special oncogenesis of neuroblastoma. 

Cancer Genet Cytogenet 2006;167:51-6.

96.  Safavi S, Forestier E, Golovleva I, Barbany G, Nord 

KH, Moorman AV et al. Loss of chromosomes is the 

primary event in near-haploid and low-hypodiploid acute 

lymphoblastic leukemia. Leukemia 2013;27:248-50.

97.  Schmerler S, Wessel GM. Polar Bodies-More a Lack 

of Understanding Than a Lack of Respect. Molecular 

Reproduction and Development 2011;78:3-8.

98.  Leeb M, Walker R, Mansfield B, Nichols J, Smith A, Wutz 
A. Germline potential of parthenogenetic haploid mouse 

embryonic stem cells. Development 2012;139:3301-5.

99.  Comai L. The advantages and disadvantages of being 

polyploid. Nature Reviews Genetics 2005;6:836-46.



Oncoscience14www.impactjournals.com/oncoscience

100. Gillies RJ, Verduzco D, Gatenby RA. Evolutionary 

dynamics of carcinogenesis and why targeted therapy does 

not work. Nature Reviews Cancer 2012;12:487-93.

101. Yap TA, Gerlinger M, Futreal PA, Pusztai L, Swanton C. 

Intratumor Heterogeneity: Seeing the Wood for the Trees. 

Science Translational Medicine 2012;4.

102. Lagadec C, Pajonk F. Catch-22: does breast cancer 

radiotherapy have negative impacts too? Future Oncology 

2012;8:643-5.

103. Vlashi E, Pajonk F. Cancer stem cells, cancer cell plasticity 

and radiation therapy. Semin Cancer Biol 2014.

104. Huang S. The war on cancer: lessons from the war on terror. 

Front Oncol 2014;4:293.

105. Hanahan D. Rethinking the war on cancer. Lancet 

2014;383:558-63.

106. Huang S, Ernberg I, Kauffman S. Cancer attractors: A 

systems view of tumors from a gene network dynamics 

and developmental perspective. Seminars in Cell & 

Developmental Biology 2009;20:869-76.

107. Huang S. On the intrinsic inevitability of cancer: From 

foetal to fatal attraction. Seminars in Cancer Biology 

2011;21:183-99.

108. Zhang Yue. Cancer Embryonic Stem Cell-like Attractors 

alongside Deficiency of Regulatory Restraints of Cell-
Division and Cell-Cycle . J Genet Syndr Gene Ther 2013;4.

109. Davies PCW, Lineweaver CH. Cancer tumors as Metazoa 

1.0: tapping genes of ancient ancestors. Physical Biology 

2011;8.

110.  Li Q, Dang CV. c-Myc overexpression uncouples DNA 

replication from mitosis. Molecular and Cellular Biology 

1999;19:5339-51.

111.  Hartl M, Mitterstiller AM, Valovka T, Breuker K, Hobmayer 

B, Bister K. Stem cell-specific activation of an ancestral 
myc protooncogene with conserved basic functions in 

the early metazoan Hydra. Proceedings of the National 

Academy of Sciences of the United States of America 

2010;107:4051-6.

112.  Vincent M. Cancer: A de-repression of a default survival 

program common to all cells? Bioessays 2012;34:72-82.

113.  Soucek L, Whitfield J, Martins CP, Finch AJ, Murphy DJ, 
Sodir NM et al. Modelling Myc inhibition as a cancer 

therapy. Nature 2008;455:679-83.

114.  Felsher DW. MYC Inactivation Elicits Oncogene Addiction 

through Both Tumor Cell-Intrinsic and Host-Dependent 

Mechanisms. Genes Cancer 2010;1:597-604.

115.  Lipkin G. Plasticity of the cancer cell: Implications for 

epigenetic control of melanoma and other malignancies. 

Journal of Investigative Dermatology 2008;128:2152-5.

116.  Baylin SB, Jones PA. A decade of exploring the cancer 

epigenome - biological and translational implications. 

Nature Reviews Cancer 2011;11:726-34.

117.  Telerman A, Amson R. The molecular programme of tumour 

reversion: the steps beyond malignant transformation. 

Nature Reviews Cancer 2009;9:206-15.

118.  Jia LZ, Zhang SW, Ye YF, Li X, Mercado-Uribe I, Bast RC 

et al. Paclitaxel inhibits ovarian tumor growth by inducing 

epithelial cancer cells to benign fibroblast-like cells. Cancer 
Letters 2012;326:176-82.

119.  Sachs L. Control of normal cell differentiation and the 

phenotypic reversion of malignancy in myeloid leukaemia. 

Nature 1978;274:535-9.

120. Bizzarri M, Cucina A, Biava PM, Proietti S, D’Anselmi F, 

Dinicola S et al. Embryonic Morphogenetic Field Induces 

Phenotypic Reversion in Cancer Cells. Review Article. 

Current Pharmaceutical Biotechnology 2011;12:243-53.

121. Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, 

Damsky C et al. Reversion of the malignant phenotype of 

human breast cells in three-dimensional culture and in vivo 

by integrin blocking antibodies. Journal of Cell Biology 

1997;137:231-45.

122. Kirshner J, Chen CJ, Liu PF, Huang J, Shively JE. 

CEACAM1-4S, a cell-cell adhesion molecule, mediates 

apoptosis and reverts mammary carcinoma cells to a normal 

morphogenic phenotype in a 3D culture. Proceedings of 

the National Academy of Sciences of the United States of 

America 2003;100:521-6.

123. ERENPREIS J. Tumour growth in the zone of bone 

regeneration. Acta Unio Int Contra Cancrum 1964;20:1560.

124. Lotem J, Sachs L. Epigenetics wins over genetics: induction 

of differentiation in tumor cells. Seminars in Cancer 

Biology 2002;12:339-46.

125. Blelloch RH, Hochedlinger K, Yamada Y, Brennan C, Kim 

MJ, Mintz B et al. Nuclear cloning of embryonal carcinoma 

cells. Proceedings of the National Academy of Sciences of 

the United States of America 2004;101:13985-90.

126. Loeb LA. A mutator phenotype in cancer. Cancer Res 

2001;61:3230-9.

127. Zhang S, Li Y, Wu YL, Shi K, Bing LJ, Hao J. Wnt/beta-

Catenin Signaling Pathway Upregulates c-Myc Expression 

to Promote Cell Proliferation of P19 Teratocarcinoma Cells. 

Anatomical Record-Advances in Integrative Anatomy and 

Evolutionary Biology 2012;295:2104-13.

128. Palomero T, Lim WK, Odom DT, Sulis ML, Real PJ, 

Margolin A et al. NOTCH1 directly regulates c-MYC 

and activates a feed-forward-loop transcriptional network 

promoting leukemic cell growth. Proceedings of the 

National Academy of Sciences of the United States of 

America 2006;103:18261-6.

129. Lagadec C, Vlashi E, Alhiyari Y, Phillips TM, Dratver MB, 

Pajonk F. Radiation-Induced Notch Signaling in Breast 

Cancer Stem Cells. International Journal of Radiation 

Oncology Biology Physics 2013;87:609-18.

130. Devgan V, Mammucari C, Millar SE, Brisken C, Dotto GP. 

p21WAF1/Cip1 is a negative transcriptional regulator of 

Wnt4 expression downstream of Notch1 activation. Genes 

Dev 2005;19:1485-95.


