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Abstract

a coordinated, multicellular community.

It is well established that the tumour microenvironment (TME) plays a key role in cancer progression, from local invasion
all the way to metastasis. In particular, the tumour cell is subjected to various challenges within the TME, from hypoxia to attack
by immune cells, collectively rendering its local habitat hostile. The resulting selection pressure essentially encourages invasive
behavior by favouring plastic phenotypes. Epigenetic changes then appear to confer on the tumour cell enhanced motility, reduced
cell-cell adhesion, the epithelial-mesenchymal transition and other features that have been linked with unicellularity, particularly
in the context of the atavistic model of cancer. While some of these changes do indeed appear to be ‘regressive’ and connected
to ancient genes, the atavistic model fails to explain why many others are ‘innovative’, recapitulating - in pathological form -
programmes requiring exquisite, multicellular cooperation, including angiogenesis and immune evasion. Taking these aspects of
cancer progression together suggests a model whereby the hostile TME selects for autonomy, rather than unicellularity, and hints at
a deep duality between cellular autonomy and a failure of support for the selective advantages usually conferred by existence within
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Introduction

Early models of cancer postulated that somatic mutations in
cancer cells were responsible for cancer cell progression Fearon,
et al. [1]. We now know that such genetic changes in the tumor
cells cannot on their own account for the rapid tumour progression
from local invasion to metastasis seen in cancer Taddeij, et al. [2].
Instead, it is becoming clear that epigenetic changes, representing
adaptations of the abnormal cells to unfavourable environments
and the intervention of the immune system contribute substantially
to - and are possibly the main driver of - the metastatic cascade.
Both environmental factors and cell-cell interactions are involved
in these epigenetic alterations, the final outcomes being invasion
of the local stroma, access to and survival in lymph and blood,
extravasation and colonization of distal sites and, ultimately,
resistance to the interventions of the oncologist Lujambia, et al.
[3]. However, while there is a huge body of literature focused on
understanding the genetic and epigenetic changes that enable

and drive cancer progression, existing models are highly diverse
and focused on individual pieces of the puzzle. It has continued
to be a mystery, for instance, how tumour cells, having undergone
a relatively small number of changes relative to normal cells,
suddenly develop myriad abilities to evade the actions of the host,
as well as to survive, invade, proliferate Davies, et al. [4] grow their
own vasculature and so on. In the last decade, a new paradigm
has ambitiously attempted to explain the progression of cancer
by proposing that cancer represents a reversion to a unicellular
state. The so-called atavistic model argues that cancer’s origins
can be found in the transition from unicellular to multicellular
life that occurred soon after the emergence of animals some 600
million years ago Bussey, et al. [5]. Here, we briefly review some
of evidence for how adverse conditions within the TME cause
epigenetic changes enabling survival. Broadly, these, particularly
the epithelial-mesenchymal transition (EMT) are those associated
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with cell plasticity and promote escape from the TME and migration
to more favourable environments. In the context of the atavistic
model of cancer, these have been proposed to represent activation
of ancient, ‘unicellular’ programmes. A model of ‘reversion’ of
this type, however sophisticated, does not explain the myriad
cooperative and sophisticated innovations displayed by tumours,
suggesting instead that the hostile TME selects for long-term,
cooperative autonomy rather than short-term unicellularity

Cellular Stress-Induced Adaptive Tumour Cell Plasticity

It is by now well established that the aforementioned adverse
conditions within the TME cause insults to tumour cells, leading to
adaptive responses, allowing the cell to survive and, respectively,
leave its hostile microenvironment. These changes are broadly
those associated with cell plasticity and include increased cell
motility, resistance to apoptosis, metabolic reprogramming and
matrix invasion, in part through direct reprogramming of the ECM
Taddei, et al. [2]. In concert, they appear to confer to the tumour cell
three types of selective advantage: (1) enhanced survival within the
adverse microenvironment and (2) the ability to escape its hostile
site and migrate to more favourable environments and (3) the ability
to coerce normal, local cells to aid in the growth of the tumour colony.
It is on the second aspect of tumour cell plasticity that we focus
here: the capacity to escape the toxic local environment. One of the
primary motifs in cancer cell plasticity-still not well understood-
is the epithelial-mesenchymal transition (EMT) Dongre, et al. [6].
EMT is a reversible process, comprising a regulated, epigenetic
programme involving the reorganisation of the cytoskeleton and
loss of normal cell-cell and cell-matrix cooperative interactions,
leading, ultimately, to either the loss of the cell’s epithelial features
as well as with expression of mesenchymal features and markers
Jing, et al. [8]. An increasingly large number of transcription
factors have by now been implicated in this programme Sun, et
al. [7]. Of interest here, diverse lines of evidence strongly suggest
that ECM is triggered by inflammatory stress within the tumour
microenvironment, caused by hypoxia, the action of immune cells
and other factors Jing, et al. [8]. Remarkably, EMT increasingly
appears to be a transient sine qua non for progression in many solid
cancers, apparently by imparting on the cell adaptive traits including
enhanced motility, increased ability to disseminate Dongre, et al.
[6] and resistance to therapeutics Singh, et al. [9]; Shibue, et al. [10]
In addition, the completion of EMT correlates to an increase in cells’
apoptosis resistance, allowing cells to survive as they progress
from the TME to local and distal invasion Taddei, et al. [2]. A major
feature of EMT-led cell plasticity, as already mentioned, is the loss of
normal cell-cell and cell-matrix interactions. Specifically, it appears
that the downregulation of expression of genes in the E-cadherin
family, mediated by several transcription factors Canesin, etal. [11]
is a hallmark of EMT. Through the loss of E-cadherin during EMT,
polarised epithelial cells undergo substantial transcriptional and
morphological changes, resulting in loss of cell-cell adhesion Elisha,

et al. [12], setting the stage for the altered cells’ ability to migrate
away from the tumour microenvironment, an indispensable step
in the invasion sequence. Specifically, as the EMT programme
advances, the cells lose or loosen their junctional connections, as
well as detaching from the epithelial layer whence they originated.
This modified phenotype is characterised by enhanced migratory
activity and invasiveness Kaluri, et al. [13]; Yilmaz et al. [14]; Thiery
etal. [15]. Since it is now thought that local cellular stress within the
tumour microenvironment directly induces the EMT Jing, et al. [8],
it is clear that there is a direct line from the emergence of this local
environmental hostility during microtumour growth and the loss
of cell-cell adhesion, establishing the cellular autonomy necessary
for migration away from the hostile site. As mentioned above, the
EMT, in addition to its role in the loss off cell-cell adhesion and
acquisition of cellular autonomy, is itself directly also associated
with enhanced motility of the EMT-modified cells Lamouille, et al.
[16]. The molecular changes involved, including (a) reorganisation
of the cortical actin cytoskeleton into one enabling dynamic cell
elongation and directional motility and (b) actin-rich membrane
projections facilitating cell movement, are fairly well described
Yilmaz, et al. [17] Ridley [18]. The resulting increase in cancer cell
motility is dramatic: for instance, it has been known for nearly two
decades that carcinoma cells in the primary tumour can move at
up to 10 times the velocity of similar cells in vitro and, specifically,
that the highest velocities are observed in carcinoma cells showing

evidence of having undergone EMT Condeelis, et al. [19].

However, separately from the EMT, we now also know that
cancer cells exhibit a switch from mesenchymal to amoeboid
motility (MAT), which confers additional autonomy and mobility to
the cell Taddei et al. [2]. Ameboid motility — a squeezing movement
of the cell, not dependent on metalloproteases or integrin leakage
— appears to allow it to cross matrix barriers as well as to resist
therapeutics that target proteases and integrins, respectively.
This transition also seems to be induced by local cellular stress
attributable to hypoxic tumour environments, specifically
associated with the release of reactive oxygen and nitrogen species
Friedl [20] Yilmaz et al. [17] Pani et al. [21], a view consistent with
increasingly sophisticated models of cell motility modes Fried],
et al. [22]. Myriad other factors contribute to the development of
tumour cell plasticity within the TME. These include stiffness of the
extracellular matrix (ECM) Taddei, et al. [2], in which increasing
ECM fibre density traps the cancer cell Brabek et al. [23], promoting
an active adaptation of cancer cells whereby their protrusive forces
are increased in order to compensate for the higher hinderance of
the matrix Wolf et al. [24]. Cancer-associated macrophages (CAMs)
and other immune cells produce stress on tumour cells, further
promoting plasticity, including by initiation of the EMT Wu et al.
[25]. Finally, EMT stress leads to resistance to apoptosis in tumour
cells Yaacoub et al. [26]. The unifying theme is, as above, that of
cellular stress leading to epigenetic changes conferring plasticity

on the tumour cell.
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The Atavistic Model Of Cancer

Several years ago, a novel view of cancer proposed that
progression is attributable to a ‘reversion’ of cancer cells to a
unicellular state Pennisi [27]. This so-called “atavistic model” of
cancer Davies et al. [30] begins with the observation that many
of the genes associated with unicellular life seem to be involved
in cancer states and goes on to propose that genetic or epigenetic
malfunctions in cancer unlock an ancient ‘toolkit’ of pre-existing
adaptations associated with loose-knit, only partially differentiated
colonies of early animals. Indeed, at a much higher level than that
of the genome, the idea that cancer recapitulates the phenotypes
of ancient animals was first suggested nearly a century ago
Boveri [28]. More specifically, the atavistic theory postulates
that the origins of cancer can be found in the transitional phase
from unicellular to multicellular life, perhaps in the early stages
following the emergence of metazoans (animals) circa 600 million
years ago Bussey et al. [5]. Fascinatingly, the atavistic model would
seem to hint at a resolution to a long-standing mystery in cancer:
how cancers appear to suddenly and all at once deploy a wide
array of survival and evasive strategies against the host Davies et al.
[30]. These ‘tricks’ include silencing of tumour suppressor genes,
switching off senescence, apoptosis and anoikis, and evading the
immune system Butcher et al. [29]. In the atavistic view, cancer
cells are the heirs of unicellular or early multicellular life and carry
in their genomes an ancient survival toolkit which, once “opened”,
confers these sophisticated survival abilities to the cells “at once”.
In addition, the atavistic model is theoretically able to suggest, a
priori, novel therapeutic approaches, since the genes associated
with unicellularity would also be more likely to be those involved
in cancer progression Linewater et al. [30]. Recent evidence lends
support to at least some aspects of the atavistic model. Analysis
of the functional differences between cell types at the gene
expression level for 107 different cell types and 18 tumour types
revealed a consistent progression of all tumour types towards a
similar stem-like state, which appears to be the result of selection
for unicellular states (rather than pluripotency) through the loss
of features of multicellularity and positive selection for “primitive
functions” Chen et al. [31]. A study incorporating phylogenetic and
interaction data into expression analysis of seven solid tumours
revealed universal strong preferential expression of genes shared
with unicellular species Trigos et al. [32] as well as disruption of
links between unicellular and multicellular components of gene
regulatory networks. Furthermore, there appears to be a small
“interface” between the genes associated with multi- and uni-
cellularity in these cancers, suggesting that disruption of cross-talk
between older and younger genes may prove to be a key factor in

the onset of tumour genesis Trigos et al. [32]; Bussey et al. [5].

Towards Integrative Models of Tumour Cell Invasion

Taken together, these and other Domazet-LoSo et al. [34] lines
of enquiry point towards support for a model in which cancer —

particularly cancer progression, from local invasion to metastasis
— represents at least to some extent a failure of support for highly
coordinated, multicellular behaviour. In this context, the emergence
of multicellularity 600 million years ago can be seen as having “set
the stage” for the emergence of cancer Trigos et al. [32]. Consistent
with this view, we now know, for example, that cancers occur in
very ancient metazoans and thus that cancer appears, indeed,
to have emerged almost concomitantly with multicellularity
Domazet-LoSo et al. [34]. On the other hand, the atavistic model
fails to explain a number of phenomena. Strikingly, for instance,
even evidence in support of the model fails to explain the existence
of stem cells Trigos et al. [32], whereas dedifferentiation to stem
cell phenotypes is a hallmark of cancer. Furthermore, the atavistic
model suggests that early metazoa would have at least some of
the morphological properties of tumours, which is not the case.
Perhaps most compellingly, it is clear that innovations such as
angiogenesis, immune evasion and tissue infiltration, all features
of cancer progression, cannot be explained by a ‘reverse’ evolution
to a unicellular phenotype Chen et al. [35] which, by definition,
would be naive to the existence of blood, immunity and tissue,
respectively. Tumour progression as a whole can only be ultimately
understood in the broader context of the interaction of the cancer
cells not only with other (normal or abnormal) cells but also with
the larger environment. Cell migration takes place-first-locally,
within the confines of the TME, before penetration outside the
basement membrane and access to lymph and blood. At each stage
of the process, tumour cells are subjected to cellular stress either
from the local environment, the immune response and the action of
drugs. It stands to reason that these different kinds of cellular stress
would lead to different, context-dependent evolutionary selection
pressures, some of which may be met by the activation of ancient,
atavistic programmes while others would not.

A unifying feature of these different stresses, however, may
be that they disproportionately affect non-autonomous cells
that operate in tight cooperation with their local environment.
Consequently, cellular stress in the TME as well as outside it would
select for cell populations able to survive through the activation
of autonomous genetic programmes (some of which may indeed
be ancient). Therefore, it is plausible that autonomy, rather than
atavism, is the motif that unifies tumour cell plasticity, tumour
heterogeneity, cellular stress states and cancer progression more
generally, as illustrated in (Figure 1). In addition to explaining
innovative features of invasion, such a model also naturally accounts
for stem cells, the EMT and ‘reversions’ to primitive motility modes.
This autonomy need not be expressed at the level of only the
individual cell but ultimately at the level of the in situ lesion and,
later, the colonies associated with distal spread. In this context,
both experimental and modelling studies targeted at elucidating
the degree to which autonomy, appropriately defined, is present in
cells at different stages of carcinogenesis, have the potential to shed

light on the outlines of the cancer progression process.
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Figure 1: Loss of balance in cancer may be the result of stress-induced evolutionary selection for the activation of autonomous
cellular programmes that allow abnormal cells to survive in hostile environments. While the unifying feature of these
adaptations would be autonomy, in some cases these would be innovative (e.g. immune system evasion) while in others they
would be atavistic (e.g. reversion to primitive motility modes). At the level of the TME, for instance, tumour cell cooperation
during local invasion would be an example of a programme exploiting highly multicellular processes but ultimately resulting
in individual cell autonomy (post-TME escape), while loss of cell-cell adhesion during the local invasion process - an “atavistic’

adaptation - would more directly confer autonomy on the cell.
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