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A common view is that an accidental 
increase in ploidy contributes 

to the evolution of neoplastic cells 
primarily by decreasing the fidelity of 
mitosis with extra chromosomes and 
centrosomes. This view implies that 
how neoplastic cells become polyploid 
is irrelevant, as it has been widely 
assumed. If this assumption is correct, 
then the oncogenic contribution of the 
pathways to polyploidy and thus their 
potential as targets for cancer prevention 
is determined by their incidence in the 
body. A lesson from plant evolution, in 
which an accidental increase in ploidy 
has a prevalent role, suggests that this 
assumption needs to be reconsidered.

Cancers are commonly viewed as 
a result of Darwinian evolution that 
normal cells undergo by acquiring 
genomic aberrations.1-8 A common cause 
of these aberrations, according to the 
actively debated tetraploidy model of 
carcinogenesis,9-16 is an accidental increase 
in ploidy. An accidental increase in ploidy 
is also a common and extensively studied 
cause of evolution in plants,17,18 a potential 
homology to explore for clues to cancer 
development. This commentary suggests 
that one of these clues is the fact that the 
properties and the evolutionary potential 
of plants are defined by how they become 
tetraploid (Box 1).

Tetraploidy is thought to cause 
cancer primarily by increasing the 
incidence of chromosomal aberrations 
that result from overloading the mitotic 
machinery with extra chromosomes and 
from enabling multipolar mitoses with 
extra centrosomes,11,14,15,19-25 although 
other consequences of having extra 

chromosomes, such as increased DNA 
damage, are also considered.11,15,19,26 If 
doubling the number of chromosomes 
and centrosomes is indeed the primary 
oncogenic consequence of tetraploidy, then 
how cells become tetraploid, which can 
happen by endoreduplication, cytokinesis 
failure or cell fusion is irrelevant, as 
it has been tacitly assumed.15,19-28 If 
this assumption is correct, then the 
contribution of these three mechanisms 
to cancer and thus their potential as 
targets for cancer prevention is directly 
proportional to their incidence in the 
body. The role of polyploidy in plant 
evolution suggests that these assumptions 
may need to be reconsidered.

Two types of polyploidy are 
distinguished in plants and other 
organisms (Fig.  1): autopolyploidy results 
from duplicating the genome of one 
species, while allopolyploidy is an outcome 
of combining genomes of different 
species or sub-species.17,29-31 In other 
words, allopolyploid plants are polyploid 
hybrids. Although the ploidy of auto- and 
allopolyploid plants can be identical, their 
properties are not. While phenotypic 
manifestations of autopolyploidy may 
not always be obvious,17,29 allopolyploid 
plants have high phenotypic plasticity, 
are prevalent, adapt better to challenging 
environments and are prone to saltational 
evolution.17,18,29,32,33 “One example of 
rapid and superior adaptation is provided 
by the widespread dispersal of the 
invasive, recently formed allopolyploid, 
Spartina anglica, which contrasts with 
the relatively noninvasive nature of the 
parental species, which are presumed to 
be autopolyploids”.17 The properties of 
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allopolyploid plants and the “footprints” 
of allopolyploidy in plant genomes led 
to the “diverge, merge, and diverge” 
model, according to which a majority 
of the flowering species have emerged 
from repeated cycles of allopolyploidy 
and divergence.34 Hence, the properties 
and the evolutionary potential of plants 
depend on how they become polyploid.

The phenotypic diversity of 
allopolyploid plants reflects their genomic 
and epigenetic plasticity,35 whose scale and 
variety is reminiscent of that observed in 
cancer.

Genomic changes characteristic of 
allopolyploids are familiar to a cancer 
researcher, although in plants these changes 

are not called aberrations, as all plants are 
considered normal, even those that invade 
others. The list includes chromosome 
translocations, inversions, deletions, 
duplications, loss, amplification or 
reduction of repetitive sequences, extensive 
chromosome repatterning, horizontal 
transfer of genomic segments between 
the parental genomes, nonreciprocal 
homeologous recombination, repetitive 
sequences, transposon activation, and 
aneuploidy.18,34,36-38 At least some of the 
genomic rearrangements are not random 
and involve elimination of specific non-
coding DNA sequences and intergenomic 
suppression of disease-resistant genes.18 
Like genomic aberrations in cancer, 

genomic rearrangements in allopolyploids 
can range from simple to highly 
complex, persist through generations, 
or re-emerge after being in remission for 
generations.18,34-36,39

However substantial the genomic 
restructuring is, “by far, the most 
striking change to regulation of 
gene expression in allopolyploids…
is that of epigenetic modification”.40 
Some of these modifications are also 
similar to those found in cancers and 
include genome-wide alterations in 
cytosine methylation, gene silencing or 
activation, alteration of gene imprinting, 
gene non-functionalization, sub-
functionalization, neo-functionalization, 
changes in mRNA splicing and in gene 
expression.30,35,41 Of particular interest 
are emergent, or so-called non-additive 
patterns of gene expression, as they can 
result in new, potentially advantageous 
phenotypes.29,40-42

To begin explaining how allopolyploidy 
causes genomic and epigenetic changes, 
Barbara McClintock suggested that 
uniting two distinct genomes in one 
nucleus is a type of stress, which she 
named “genomic shock”, that triggers 
restructuring and integration of the 
parental genomes,36 but what this stress is, 
how it is sensed, and how this information 
is translated into genome restructuring is 
still unknown.40,43

By analogy with the genomic shock, the 
cause of the gene expression changes has 
been termed the transcriptome shock,40 
to indicate that uniting two different 
expression patterns is also a type of stress. 
The search for what the transcriptome 
shock is and how the merged regulatory 
gene expression networks reach a 
consensus is still in its infancy41-48  
(see Box 2).

Symphiliosis, the Process of 
Intracellular Reconciliation

The characteristic features of 
allopolyploid plants—genomic 
restructuring, epigenetic plasticity and 
emergent gene expression patterns—are 
also the hallmarks of somatic cell hybrids 
in plants, animals and humans.44,51-59 Such 
commonality suggests that these features 

Figure 1. The pathways to tetraploidy in the evolution of species and somatic cells. Autotetraploid 
organisms result from whole genome duplication occurring either by doubling the genome of 
the zygote, or by the fusion of non-reduced gametes (dotted lines). Allotetraploid organisms are 
created by the fusion of gametes from different species with the subsequent duplication of the 
genome, or by fusion of non-reduced gametes (dotted lines). In somatic cells, tetraploidy is caused 
by either whole genome duplication (top panel), which can result from endoreduplication, cytoki-
nesis failure, and fusion of identical cells, or by fusion that combines different cells (bottom panel). 
Note (dotted lines) that allopolyploids can be made by fusing somatic plant cells (protoplasts) in 
vitro and letting the resulting hybrids to develop into plants. 1n, 2n and 4n indicate haploid, diploid 
and tetraploid number of chromosomes.

Box 1: Terminology
Euploid cells have an exact multiple of the haploid chromosome set. Diploid cells have two sets, 

tetraploid four sets, etc.
Aneuploid cells are those that are not euploid.
Polyploid cells are those that have more than two sets of chromosomes.
Autopolyploid cells or organisms have more than two homologous sets of chromosomes, 

autotetraploid would have four.
Allopolyploid cells or organisms have more than two homologous sets of chromosomes derived 

from two or more species.
Hybrid is a cell derived from the fusion of two or more different cells, or an organism derived from 

crossing two or more species.
Saltational evolution produces new species rapidly, within one or few generations, while gradual 

evolution occurs by accumulation of minor traits.
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are manifestations of a basic, non-random 
(Box 2) and not yet fully understood 
intracellular process that is caused by 
merging two or more different cells into one 
and has a remarkable, perhaps unmatched 
capacity of producing cells and organisms 
with new properties (Fig.  2). Several 
aspects of this process have been named 
the genomic36 or transcriptome40 shock, 
a conflict zone,43 parental squabbles,48 
nuclear reprogramming,60 and the problem 
of colliding networks.44 To acknowledge 
the existence of this process and to have 
a term to refer to it as a whole, I suggest 
calling it symphiliosis, from a Greek word 
for reconciliation, “συμϕιλίωση”, and, 
accordingly, referring to all interrelated 
instabilities associated with symphiliosis, 
of which we probably know only some, 
as symphilial instability, or SIN. Hence, 
the defining features of allopolyploids are 
a result of symphiliosis rather than of the 
increase in ploidy per se.

To emphasize the difference between 
the consequences of a ploidy increase and 
symphiliosis, let us consider the fact that 
each proliferating cell transiently becomes 
tetraploid during each cell cycle, from the 
moment it completes DNA replication 
and until it divides at the end of mitosis. 
Some cell types, such as hepatocytes,61 
are commonly tetraploid or have a 
higher ploidy for their lifetime. Hence, 
tetraploidy per se is a normal and common 
condition in the life of a cell that does not 
necessarily affect its normal functioning. 
In contrast, cell fusion is normally 
restricted to a handful of processes, such as 
fertilization or formation of muscles, that 
involve predetermined cell types.62 The 
accidental fusion of different somatic cells, 
as it happens during viral infections,63 is 
akin to the marriage of randomly and 
blindly selected strangers, with similarly 
unexpected consequences.44

Do Allopolyploid Plants and 
Cancers Share Evolutionary 

Mechanisms?

The genomic and epigenetic plasticity 
shared by allopolyploid plants and 
cancers, and the common ability to nearly 
instantly, albeit on different time scales, 
produce new phenotypes beg the question 

of whether these similarities are superficial 
or reflect common underlying mechanisms 
or even causes. Barbara McClintock has 
already suggested the latter possibility by 
noting that “hybrids produced by crosses 
of distantly related Nicotiana species are 
known to give rise to tumors, some of 
which resemble teratomas”36 with similar 
effects observed in hybrids of some other 
species of plants and animals.64

A direct mechanistic link between 
allopolyploidy and cancer is implied 
by the model that cancers can result 

from the accidental fusion of different 
cells (reviewed in refs. 63 and 65–68). 
According to this model, premalignant 
cells can acquire the hallmarks of cancer—
the abilities to invade and metastasize—
by fusing to a normal cell, such as a 
macrophage or a lymphocyte, whose 
function is to travel throughout the body 
freely. This “marriage of convenience” can 
produce progeny that proliferate infinitely 
as one parent and invade multiple organs 
as the other. Fusion between neoplastic 
cells and between neoplastic and normal 

Figure 2. Fusion of different cells causes the collision of merged cellular systems, resulting in death 
or leading to symphiliosis, or reconciliation. Symphiliosis is manifested by interrelated instabili-
ties summarily named symphilial instabilities (SIN) that are a result of integrating distinct sets of 
parental networks into one. Symphiliosis can produce emergent phenotypes, cause death, senes-
cence, or continue permanently. “Other” systems can include mitochondria, which have their own 
genome, and interactions with other cells to give just two examples.

Box 2: Parental squabbles, state conflicts, and the Waddington landscape
The relationship of the parental gene regulatory networks that are merged in allopolyploids has 

been compared with a conflict zone43 and parental squabbles.48 According to the colliding networks 
model,44 these analogies may be even deeper than they seem. The model is based on the notion that 
gene expression patterns correspond to points in the Waddington epigenetic landscape (sketched 
with the gray line), with the stable patterns (cell types) corresponding to the “valleys” known as 
attractors.49,50 Merging different cells nearly instantly creates a new pattern, which is initially an 
average of the two, on a slope of a “hill” in the landscape. This act of creation corresponds to the 
transcriptome shock.40 Being on a slope, the network “slides” into an attractor corresponding to a 
cell type distinct from either of the parental types, hence the emergent properties of the hybrids. 
This transition is manifested by changes in gene expression that appear chaotic and the instability 
that continues until the attractor is reached. Simulating this process computationally reveals that 
the transition is inherently uneven, with spontaneous bursts of rearrangements occurring after 
periods of gradual change.44 The cell can die in the process if an intermediate or the final gene 
expression pattern is incompatible with cell viability. The simulation also suggests that a majority 
of attractors correspond to abnormal cell types and that even minor variations in parental cells 
can change the properties of the progeny. The model posits that the laws that govern the fate of 
the merged networks in cell hybrids can be applicable to other complex systems derived from 
mergers, including families, businesses and countries.44
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cells of various kind is thought to affect 
cancer progression by combining their 
properties, and by triggering symphilial 
instabilities, not unlike it is envisioned 
by the “diverge, merge, and diverge” 
model of plant evolution.34,69,70 Finally, the 
fusion of different cell types often results 
in the loss of gene expression patterns 
specific to either of the parental types, 
a phenomenon known as extinction44,71 
and is manifested as dedifferentiation, a 
feature of aggressive cancers. Extinction 
also has the potential to revert the cell to 
an atavistic state.3 Overall, the cell fusion 
model implies that genomic and epigenetic 
changes found in allopolyploid plants and 
cancers are similar because some cancers 
are also allopolyploid, or in essence, that 
some cancers are homologous to invasive 
allopolyploid weeds.

Since allopolyploidy results from 
merging cells of different species, the 
question is whether cells in the body 
are sufficiently different to trigger 
symphiliosis if they are fused. Several 
facts support this possibility. First, as 
it is becoming apparent, the genomes 
of normal somatic cells in the same 
individual are not identical,73 although 
whether these differences are sufficient 
to cause symphiliosis is unknown. That 
they might be is suggested by the fact 
that a difference as small as that between 
variants of the same species is sufficient 
to trigger the effects of allopolyploidy 
in plants.72 Second, the cells of a 
premalignant lesion are often aneuploid, 
although not as extensively as cancer cells, 
and heterogeneous in their karyotypes,74 
indicating gross genomic variation among 
neoplastic and between neoplastic and 
normal cells. Third, proliferating cells of 
identical ploidy can differ grossly in their 
genomes if they are at different phases 
of cell cycle, a difference that can cause 
premature chromosome condensation if 
such cells fuse.75 Finally, fusion of different 
cell types results in genomic aberrations 
and in emergent gene expression patterns, 
manifestations of symphiliosis, even if the 
fusing cells are euploid.44,51

The idea that cancer cells are new species 
that arise by becoming aneuploid,6,64,76 the 
notion that new species of plants can arise 
through karyotypic changes and the fact 
that allopolyploid plants can be created by 

fusing somatic cells77 together make the 
relationship between allopolyploids and 
neoplastic cell hybrids even more direct. 
An open question is whether symphiliosis 
can be triggered by horizontal transfer of 
information other that cell fusion, such 
as transfer of chromosomes and genomic 
fragments by apoptotic bodies and other 
vesicles78,79 or even by events that do not 
involve cell-cell interaction.

A Model: The Properties of 
Neoplastic Cells, as Properties 

of Plants, Depend On How These 
Cells Become Polyploid

Since symphiliosis results from fusing 
different cells rather than from an increase 
in ploidy per se, it is logical to expect that 
the contribution of cell fusion to neoplastic 
progression would be different from that of 
other pathways to polyploidy (Fig. 3). To 
borrow the terminology from plant biology, 
cytokinesis failure, endoreduplication, and 
fusion of identical cells would produce 
autotetraploid cells that contribute to 
carcinogenesis and tumor progression 
through the effects of increased ploidy and 
cell size, such as changes in gene dosage, 
and through chromosomal aberrations 
arising in mitosis. These changes would 
result in gradual evolution, with occasional 
radical phenotypic changes caused by a 
chromosome translocation or another 
aberration that affects a particularly 

critical gene. In contrast, fusion of 
different cells would result in allopolyploid 
clones, which, in addition to be affected 
by the consequences of tetraploidy, would 
enable saltational evolution by acquiring 
emergent properties through symphiliosis. 
Some of these properties, such as increased 
drug resistance, the ability to become 
dormant, or be invasive may be clinically 
relevant.65-67 Of particular interest are the 
possibilities that fusion of neoplastic cells 
to normal stem cells.66,80,81 or extinction 
resulting from fusion of different cell types 
is a source of cancer stem cells. If plant 
evolution is any guide, even if cell fusion 
is by far more rare in the body than other 
pathways to polyploidy, and the majority 
of the resulting allopolyploids vanish, 
having emergent properties can make 
the survivors more consequential for the 
emergence and progression of the disease.

What Could This Model Help To 
Explain?

First, the increasingly intimate look 
into cancer genomes and the ability to 
trace clonal lineages in tumors82-84 has 
led to two interrelated observations: 
(1) that genomic aberrations in cancers 
include massive, characteristic, and 
previously unrecognized changes such 
as chromothripsis,85,86 chromoplexy,87 
chromoanagenis,88 kataegis 
(thunderstorm),89 and firestorms;90 and 

Figure 3. A model: The pathways to polyploidy have different roles in the evolution of neoplastic 
cells. To use plant terminology, cytokinesis failure and endoreduplication produce autopolyploid 
cells that are affected by mitotic aberrations and other consequences of increased ploidy, resulting 
in gradual evolution of the cells. Fusion of different cells results in allopolyploids, thus suddenly, 
within one generation, producing clones with emergent phenotypes and enabling saltational evo-
lution. Cells of any ploidy can fuse, thus increasing the diversity of allopolyploids.
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(2) that cancer development can proceed 
not gradually, but through a “punctuated 
evolution”,87 which creates clones with new 
properties through single “catastrophic 
events”,85,88,91 meaning catastrophic to the 
patient, not to the cell.

What are these catastrophic events? 
Our discussion suggests cell fusion as 
a candidate, a possibility that has been 
considered only in passing and only 
in relation to premature chromosome 
condensation, a result of the fusion 
between cells that are at different phases of 
cell cycle.88,91 Fusion to lymphocytes could 
also explain the “footprints” of genome-
modifying enzymes, such as AID,89 
whose expression is normally restricted 
to these cells. The consequences of allo- 
and autopolyploidy in plants have been 
dissected, in part, by analyzing plants 
created by fusing somatic cells, protoplasts, 
in vitro.77 Similarly, identifying 
genomic and epigenetic “footprints” of 
endoreduplication, cytokinesis failure and 
cell fusion and comparing them to the 
aberrations observed in cancer may help 
to determine the relative contribution of 
these 3 pathways for cancer development 
and whether any of them can be 
responsible for gradual or saltational 
evolution in neoplasia.

Second, comparing cancer 
development to plant evolution may help 
to resolve the ongoing debate on whether 
tetraploidy and the consequent aneuploidy 
promotes cancer development or impedes 
it.27,92 The answer may depend on how 
tetraploidy is induced. An early view that 
polyploidy has contributed little to plant 
evolution has been retired by discovering 
how prevalent allopolyploids are.17,31,48 
To quote, “like interspecific hybrids, 
newly formed allopolyploids display a 
range of novel phenotypes that are both 
favorable and unfavorable, but which are 
overall of questionable fitness. Although 
it might seem unlikely that these “freaks 
of nature” could contribute to the 
evolutionary race…new allopolyploid 
species were fit enough to beget the 
present multitude of seed-plant species”48. 
These “freaks of nature” or “hopeful 
monsters”,93,94 with either term applicable 
to cancer cells, prevail despite the multiple 
disadvantages of allopolyploids that 
prevent their propagation.17,29 Similarly, 

senescence95 and perhaps other tumor 
suppression mechanisms96 can prevent the 
proliferation of somatic hybrids. However, 
as in plants,17 the need to overcome 
roadblocks may be well compensated by 
the evolutionary benefits of creating novel 
phenotypes through symphiliosis.

Third, the model implies that 
massive epigenetic and gene expression 
changes can be associated with a ploidy 
increase without being caused by it, as 
it is the case in allopolyploids. Hence, 
general conclusions about the effects of 
tetraploidy in cancer could be premature 
if based on studies that use only one 
way to increase ploidy. For example, the 
effects of cytokinesis failure, which is a 
convenient and commonly used way to 
induce tetraploidy in vitro and in vivo, 
would not be expected to include such 
defining consequences of allopolyploidy 
as emergent gene expression patterns. 
Considering the possibility that not all 
tetraploid cells are created equal may 
help to reconcile experimental findings 
with the observations made in neoplastic 
lesions and to improve cancer diagnostics 
that relies on ploidy assessment.13 This 
would require developing approaches 
that can distinguish autopolyploid and 
allopolyploid cells in human tissues.

Fourth, some cancers of the same organ, 
with prostate cancer being an example,97 
can remain tetraploid and stable over 
time, while others become aneuploid 
and progress quickly. The model we have 
discussed suggests that this difference 
could be explained by different causes of 
tetraploidy. Again, using plant evolution 
as a guide, autotetraploid cancers would 
be less aggressive than allotetraploid, in 
which symphilial chromosomal and other 
instabilities would facilitate the emergence 
of clones with new, potentially harmful 
properties. Whether a particular cancer is 
auto- or allotetraploid could depend on the 
presence of agents capable of fusing cells 
in premalignant and cancerous lesions, 
such as endogenous or infectious viruses, 
endogenous fusogenic proteins,63,98 or 
others.

Finally, the current view of tetraploidy 
in neoplasia implies that reverting a cell to 
diploidy through a reductive division99,100 
would return its genome to a stable state, 
as the number of chromosomes and 

centrosomes returns to normal. Since 
symphilial instabilities are induced by 
merging different cells, rather than by a 
change in chromosome number, they are 
expected to persist even after the reversal 
of tetraploidy.52 This possibility implies 
that some diploid or pseudodiploid cancers 
can have allopolyploid origin.

To summarize, if the mechanisms that 
drive the evolution of polyploid plants also 
underlie the evolution of cancerous cells, as 
this commentary proposes, then learning 
what these mechanisms are would help us 
to prevent cancer, provide new tools for 
creating new plants, and teach us once 
again that studying plants can reveal the 
most interesting secrets of nature.
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