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The multistep transition from a normal to a malignant cellular phenotype is often
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local tissue constraints typically governed by nongenomic information dynamics in
the cell membrane. As a result, the cells of a multicellular organism have a fitness that
is identical to the host, which is then the unit of natural selection. Somatic evolution
of a cell can occur only when its fate becomes independent of host constraints. Now,
survival, proliferation, and death of individual cells are dependent on Darwinian dy-
namics. This cellular transition from host-defined fitness to self-defined fitness may,
consistent with the conventional view of carcinogenesis, result from mutations that
render the cell insensitive to host controls. However, an identical state will result
when surrounding tissue cannot exert control because of injury, inflammation, aging,
or infection. Here, all surviving cells within the site of tissue damage default to self-
defined fitness functions allowing them to evolve so that the mutations accumulated
over the lifetime of the host now serve as the genetic heritage of an evolutionary
unit of selection. Furthermore, tissue injury generates a new ecology cytokines and
growth factors that might promote proliferation in cells with prior receptor muta-
tions. This model integrates genetic and nongenetic dynamics into cancer develop-
ment and is consistent with both clinical observations and prior experiments that

divided carcinogenesis to initiation, promotion, and progression steps.
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1 | INTRODUCTION varied. For example, cancer is “a disease of unconstrained growth,”

» o«

“a disease of the genes,” “uncontrollable cell division,” and “abnor-

What is the definition of cancer? When posed to a wide range of mal cells that can invade nearby tissues”. In general, these defini-
oncologists and cancer biologists, the answers can be remarkably tions of cancer describe properties of malignant cells or malignant
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populations. They do not say what cancer is. Such definitions may be
correct but they are incomplete.

We propose cancer is a speciation event (Gatenby & Brown, 2017;
Gatenby, Cunningham, & Brown, 2014; Vincent, 2010; Vineis, 2003);
albeit one that differs substantially from those resulting in the diver-
sity of life that lives around us, rather than in us. Cancer represents
a unique evolutionary transition resulting in a new protist (Duesberg
& Rasnick, 2000) species derived from host cells (Pienta, Axelrod,
Armend, & Brown, 2020). Life, death, location, and function of normal
mammalian cells are, under normal conditions, determined solely by
instructions from the host tissue. They are necessary for and deeply
embedded within the multicellular structure of the host so that each
constituent cell has fitness identical to that of the host. To be clear,
this evolutionary state does permit competition among, for exam-

ple, normal stem cells in the bone marrow and skin (Bowling, Lawlor,

& Rodriguez, 2019; Ellis et al., 2019; Liu et al., 2019). However, in
such contests, we propose the malignant phenotype is not ordinarily
achievable because additional tissue controls constrain sustained
ecological and evolutionary dynamics (Figure 1).

In contrast, individual cancer cells, while derived from those
of the host, have evolutionarily transitioned to a “self-defined” fit-
ness function (Gatenby & Brown, 2017) in which their survival,
proliferation, and death is determined entirely by the Darwinian
interactions of their phenotype with critical properties of their
local environment. Here, we focus on the cellular and tissue dy-
namics that can permit a cellular population to transition from one
whose fitness is defined by that of the host to one in which each
cell has a uniquely defined fitness. Most current models define
this transition as a sequence of genetic changes. Others propose

entirely nongenetic models in which carcinogenesis is all due to
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FIGURE 1 The biplane model of evolutionary dynamics in carcinogenesis. To become airborne, a plane must gain velocity on the

runway and have sufficient lift from its wings. In this hybrid model of carcinogenesis, the runway represents the number of cell generations.
The initial conditions include a stationary plane—reflecting the absence of evolution in normal cells because their survival, death, and
proliferation are determined solely by local tissue constraints. Our model proposes the plane typically can begin rolling down the runway
only when it develops a self-defined fitness when local tissue constraints are lost due to inherent changes in the cell or (probably more often)
due to normal tissue disruption caused by injury, inflammation, infection, or aging-related changes. Once a cell's proliferation is governed
only by its phenotypic interactions with local micro-environmental conditions, it can evolve. As it rolls down the evolutionary runway, the
cell's genetic legacy inherited from somatic mutations to the normal cell critically determine the outcome. That is, Darwinian forces can

now favor fitness enhancing mutations from those that had accumulated in the cell. If the tissue recovers and attempts to reassert control,
natural selection may have already triaged the heritable variation and imbued the cell with the capacity to resist tissue control. At this point,

the cell is fully malignant (i.e., airborne)
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environmental factors (Park, Bissell, & Barcellos-Hoff, 2000;
Sonnenschein & Soto, 2000). Here, we propose a “biplane model”
(Figure 1) in which both environmental and genetic factors con-
tribute to cancer evolution through a distinctive sequence of
events that can be conceptually centered around the development
of a “self-defined fitness function” (Gatenby & Brown, 2017).

2 | MATERIALS AND METHODS
2.1 | Building a conceptual model

A single gram of tumor may contain up to a billion cancer cells, and
most cancers are subjected to spatial and temporal fluctuations in
blood flow and, therefore, highly variable local environmental condi-
tions (Gillies, Brown, Anderson, & Gatenby, 2018). Thus, each human
cancer cell represents the summation of current and prior predict-
able and stochastic ecological and evolutionary events so that every
cancer population represents a species never previously seen on
earth. From the perspective of the tree of life, cancer cells across
patients do not share a single-celled common ancestor. This means
each cancer is phylogenetically distinct and originated from one or
more initially normal metazoan cells (with the notable exceptions of
communicable cancers). Within a patient, cancer cells exhibit adap-
tive radiations into genetically and phenotypically diverse pheno-
types and genotypes (also referred to as cancer's Big-bang (Sottoriva
et al., 2015)). Because all cancer cells within the host represent a
phylogenetic clade with a common ancestral host cell, their shared
heritable phenotypes are termed homologous. Similar heritable phe-
notypes characteristically seen in cancers from different patients
(i.e., the cancer “hallmarks” (Hanahan & Weinberg, 2011)) are termed
analogous because their similarity derives from convergent evolu-
tion to similar ecological circumstances and not to a shared common
ancestor. For instance, wings across all beetle species are homolo-
gous, while the wings of a beetle and a bat are analogous (Pienta
etal., 2020).

This transition from normal mammalian cell to a single-celled pro-
tist has been described as “atavistic” (Bussey, Cisneros, Lineweaver,
& Davies, 2017). There are elements of atavism in the sense that the
cancer cells behave as individuals in comparison with normal cells
within a multicellular host. Yet, it is misleading to assume that can-
cer cells have reverted to some evolutionarily primitive state mani-
festly re-evolving the states of ancient prokaryotes or eukaryotes.
In fact, cancer cells represent forms of progressive evolution in two
respects. First, their host tissue environment is unlike anything seen
by free-living single-celled eukaryotes. Second, in finding heritable
variations to fuel evolution by natural selection, the cancer cells have
access to the vast information content of the human genome and
can, for example, deploy adaptive strategies using genes critical in
embryonic development and multicellular organ repair. Such forms
of generating and deploying heritable variation are unknown to sin-
gle-celled eukaryotes that have not derived from a metazoan; and if

they had, this fits the very definition and basis for cancer.
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The conventional model of carcinogenesis is “somatic evolution”
(Bodmer, 1997) as a cell lineage transitions from normal to cancer-
ous via a stepwise series of intermediate phenotypes. In turn, each
step is viewed as resulting from some new mutation. This is classi-
cally depicted as a linear process by the model proposed by Fearon
and Vogelstein nearly 30 years ago (Fearon & Vogelstein, 1990).
More recently, this model of carcinogenesis has been extended to
include “branching clonal evolution” as well (Greaves & Maley, 2012).
Virtually, all theoretical models of carcinogenesis are built upon the
view of evolution as “mutation-selection.” Indeed, the title of the
seminal article on cancer as evolution by Cairns (Cairns, 1975) begins
with “Mutation selection...” In other words, somatic evolution of a
cancer is the result of a mutation that increases fitness within the
current environment. Since changes in fitness due to environmental
changes are not included in this model, there is an implicit, though
perhaps unrecognized, assumption that local selection forces are

constant.

2.2 | Isthe genetic model of carcinogenesis
complete?

Clearly, cancers are associated with many genetic mutations and tar-
geting key molecular changes (Gatenby & Brown, 2017) can result
in tumor regression (although responses are generally temporary).
However, here we ask the question: “Is cancer caused by genetic mu-
tations and are the hallmarks of cancer cells entirely the result of
genetic changes”?

There are, in fact, a number of observations that challenge
the gene-centric model of cancer development and progression
(Gatenby, 2017;Yadav, DeGregori, & De, 2016). For example, the av-
erage mutational burdens of cancers from different organs can vary
by four orders (Martincorena et al., 2015) of magnitude. In contrast,
Martincorena et al. (2015) found that only 4-10 driver genes (and
sometimes only 1) are likely to be needed for all human cancers. Why
would the common hallmarks of cancer require enormous differ-
ences in the number of mutated genes necessary to form a malignant
phenotype when arising in different organs? Perhaps, as argued by
Martincorena et al. (2015) observed mutations beyond the 4-10 crit-
ical changes are “excess baggage”—random accumulations of genetic
events that have no effect on fitness. In general, however, genetic
and phenotypic excess baggage (i.e., the eyes in cave fish) do have
subtle evolutionary costs and are, thus, eliminated through the con-
tinuous cost/benefit optimization of Darwinian dynamics.

Mutations can be truly neutral and cost-free if they are silent in
the sense of having no consequence for a cell's phenotype. When
a cancer cell is far from an evolutionary optimum, such as follow-
ing initiation, then the likelihood of beneficial mutations is high
even as deleterious ones may pose costs. As adaptations accumu-
late, the cancer cells should evolve to fitness maxima termed an
“Evolutionary Stable State (ESS).” At a fitness maximum, any mu-
tation will necessarily produce a less fit phenotype resulting in se-

lection for a progressively small mutation rate. As noted by Pienta
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et al. (2020), a high mutation rate may facilitate “evolvability” as a
trait that allows cancer cell clades to respond to recurring catastro-
phes in their environment and to track continuous frequent changes
in their environment. Yet, as a result of evolutionary triage, following
cancer initiation there may be a drop in genetic variability within the
cancer cell population relative to that found across the normal cells
(Gatenby et al., 2014).

Furthermore, investigations have demonstrated that morpholog-
ically normal cells, both adjacent to and distant from a tumor, con-
tain a mutational burden, including in proto-oncogenes, approaching
those present in cancers arising from the same tissue (Deng, Lu,
Zlotnikov, Thor, & Smith, 1996; Jamshidi et al., 2017; Martincorena
et al., 2015). Similarly, cancer cells transplanted to normal tissue
micro-environments will revert to a normal phenotype (Dolberg &
Bissell, 1984). Transfection of a single gene for a Na*/H" exchange
membrane transporter can cause an immortalized but not malignant
fibroblast to become highly invasive (Panet, Marcus, & Atlan, 2000).
Cancer is largely a disease that presents in old age, yet most cell di-
visions and somatic mutations occur early in life (DeGregori, 2013).
Finally, across the vertebrate tree of life, neither longevity nor body
size positively correlates with cancer incidence (Peto's paradox
(Nunney, Maley, Breen, Hochberg, & Schiffman, 2015; Tollis, Boddy,
& Maley, 2017)).

In the terminology of Thomas Kuhn (Kuhn, 1996), these obser-
vations suggest “anomalies” in the conventional genetic model of
cancer initiation, development, and progression. Here, we propose
a model of cancer that integrates both genetic and nongenetic
mechanisms. Our model is based on classical Darwinian dynamics
in which evolution is driven by the interaction of phenotypic prop-
erties (i.e., the size and morphology of a Finch's beak) with the prop-
erties of a critical selection forces (i.e., the properties of the seed
that is the major source of nutrients). We attempt to resolve these
anomalies by proposing one obvious and one nonobvious change
to the current cancer paradigm. The former simply recognizes that
the gene-centric model of evolution ignores and is not necessary
for key components of Darwinian dynamics; particularly those per-
taining to the role of changes in environmental selection forces in
the transition from a host-controlled mammalian cell to one that
acts as single-celled species. For the latter, we propose that the ge-
nome, while the source of heritable information, is only one com-
ponent of the complex information dynamics that are necessary to
maintain life and drive evolution by natural selection (Gatenby &
Frieden, 2017).

2.3 | Cellular information—is the genetic model
complete?

The search for a fuller understanding of the cellular information dy-
namics arose from the simple observation that the information con-
tent of the genome and its products does not equal the information
content of the cell. Here, information is quantified in bits as defined

by Shannon (Shannon, 1959) although equivalently obtained using

mathematical methods described by Kullback-Leibler (Kullback &
Leibler, 1951) and Fisher (Fisher, 1959). For a more comprehensive
presentation, see references (Frieden & Frieden, 2004; Frieden &
Gatenby, 2011; Gatenby & Frieden, 2007, 2017).

In the 1950s, Morowitz (Morowitz, 1955, 1979), for example,
determined that the complexity of the 3-dimensional structures in
a single Escherichia coli requires about 2 X 10! bits of information
(Gatenby & Frieden, 2005). A similar estimate is obtained using a
calorimetric approach (Morowitz, 1955). In contrast, the informa-
tion storage capacity of the E. Coli genome is 107 bits—four orders
of magnitude lower (Gatenby & Frieden, 2005)! Of course, genomic
information is expanded by translating the information to 100s or
1000s of RNAs and proteins. This information can be estimated
using the average molecular composition of E. coli and found to be
no more than 3.4 x 107 bits (Gatenby & Frieden, 2005)—still 2 orders
of magnitude too low.

Actually, this exercise simply restates the obvious. There are
clearly ordered structures in the cell other than proteins and poly-
nucleotides. Membranes, for example, constitute about 60% of the
dry cell mass. In mammalian cells, over 200 different variants of
lipid molecules contribute to the membrane and their relative con-
tent is precisely controlled. This content varies between different
cell types, between different regions of the same cell, and even be-
tween the inner and outer layers of the nuclear membrane (Gatenby
& Frieden, 2007, 2013). The information content of membranes in
a typical mammalian cell has been calculated to be on the order of
5 x 10 bits (Gatenby & Frieden, 2013). While proteins catalyze the
formation of lipids, this feed-forward dynamic is inherently unstable,
and clearly, other mechanisms must play a critical role in controlling
the lipid distribution.

Transmembrane ion gradients provide somewhat less obvious and
under-appreciated structures for containing information (Gatenby &
Frieden, 2017). In mammalian cells, there are asymmetric distributions
of Na*, CI', and K" across cell membranes (manifesting as transmem-
brane potentials, that is, of —-80 to ~40mV across the cell membrane) as
well as steep transmembrane gradients of Ca** and Mg**. Additionally,
there is the H" gradient across the mitochondrial membrane. There are
even ion gradients, recently reported, across the nuclear membrane.
Such highly improbable transmembrane ion distributions (compared
to the expected equal concentrations in the intra- and extracellular
fluid) can be calculated using Shannon entropy. In E. Coli, which is much
smaller than a typical mammalian cell and lacks mitochondria and a
nucleus, the information content of the transmembrane ion gradients
turns out to be just over 10! bits (Gatenby & Frieden, 2005)—vastly
larger than the information in the genome.

These data have led to the proposal that there are two distinct
but integrated information systems in each cell. This includes the
well-recognized heritable but fixed information in the genome.
However, a critical function of the genome is to produce mac-
romolecules that act like “Maxwell's demon” by using energy and
information to produce large nonequilibrium structures (i.e., the
transmembrane ion gradients) that (similar to eyes, ears, etc.) gain

spatial and temporal information from the environment allowing the
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cell to adapt to a wide range of conditions throughout its lifetime. In
normal tissue, these information dynamics allow cells to form mul-
ticellular structures with complex but robust spatial and functional
organization (Gatenby & Frieden, 2007).

Our fundamental hypothesis is that both information dynam-
ics contribute to multicellular dynamics and so both must undergo
substantial changes for transition of a single cell from a normal
component of the tissue society to one that is, in effect, a single

cell protist.

3 | RESULTS

3.1 | Synthesizing genetic and nongenetic
information dynamics—An evolutionary model of
carcinogenesis

How does a normal mammalian cell develop a self-defined fitness
function? Fundamentally, this depends on the local tissue environ-
ment that governs control of cellular proliferation and death. In
multicellular organisms, maintaining the structure and function that
allows survival and reproduction requires tight control of its con-
stituent cells. They must be controlled by host instructions so that
their position, differentiated state, and activities serve the fitness of
the multicellular organism. A normal cell's survival and proliferation
is subordinate to the whole. In a sense, the collective behavior of all
cells is a team optimum serving the whole organism. Because their
proliferation and death (in the absence of infection or trauma) are
controlled entirely by the host instructions, normal mammalian cells
do not have the capacity for much evolution. That is, while competi-
tion among normal stem cells is observed, the host retains sufficient
control to constrain Darwinian events beyond those that optimize
local tissue function. In contrast, a cancer cell has broken from this
team optimum and lost all connection to the host instructions. In this
setting, survival, death, and proliferation are entirely dependent on
the interactions of its phenotypic properties with selection forces in
the local tissue micro-environment. These strategies may include ex-
ploiting host-generated factors (e.g., estrogen in ER-positive breast
cancers) but here they act as resources and not explicit instructions.
Thus, for example, if estrogen concentrations decline, the cancer
cells will evolve alternative methods to maintain growth in the ab-
sence of ligand binding receptors (e.g., constitutive upregulation of
the estrogen pathway). In contrast, the normal cells will simply stop
proliferating and/or die as evidenced by changes in the breast paren-
chyma during the menstrual cycle.

Thus, the dynamic that fundamentally determines carcinogene-
sis is loss of organismal control of an individual cell or group of cells.
Note that a “normal” mammalian cell may accumulate many somatic
mutations (including those that would ordinarily be oncogenic) with-
out becoming a cancer provided their proliferation remains funda-
mentally regulated by the collective that is the whole organism. In
the conventional model of carcinogenesis, this loss of control occurs

through a series of mutations that progressively renders the cell
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unable to receive tissue signals. This is certainly a reasonable hy-
pothesis. But, as noted above, variations in the number of mutations
in cells from different tissues of origin and the presence of a similar
mutational load in both cancer and adjacent normal cells do not ap-
pear to be consistent with this model.

There is an alternative somatic evolutionary arc in which the cell
initially retains the capacity to respond to host signals. However, car-
cinogenesis begins when tissue signals are lost following damage to
the tissue itself. Note this signal loss does not need to be genetic
but could occur within the non-genetic information processing at the
cell membrane. Thus, the first steps toward cancer may result from
changes in the local tissue and not the cell. That is, the cell becomes
free to evolve not because accumulating mutations have rendered
it unresponsive to local tissue control but rather because the dis-
ordered local tissue can no longer exert that control. To be clear,
once the transformed cell begins to evolve, it is subject to selection
pressures in the environment. If the local tissue is injured or infected,
the environment may include cytokines which could promote prolif-
eration of local cells that happened to have acquired a cytokine re-
ceptor mutation in the past. That is, a genetic change that caused no
changes when the cell was controlled by the local tissue can promote
fitness when the tissue is damaged.

Thus, the phenotypic properties encoded in a cell's genome (in-
cluding accumulated mutations throughout the prior lifetime of the
host) will determine fitness so that the genetic changes from this
baseline state will represent a history of the adaptive strategies
required during the evolutionary arc of each cancer cell. Note this
model predicts the number of mutations in cancers from different
organs reflect the typical accumulation for that organ rather than
the necessary number of mutations to form a cancer. Thus, for exam-
ple, cancers arising in the skin have larger number of mutations than
cancers arising in the kidney because normal skin cells, exposed to
UV light, simply accumulate more mutations over a lifetime than do
normal kidney cells. because normal skin cells are exposed to muta-
gens some

In this model, we assume that the perturbation to local tissue is
most commonly transient. That is, following successful repair of tis-
sue following trauma, inflammation, and infection, the reconstituted
tissue re-asserts control. In theory, we expect this will often cause
cells that had a self-defined fitness function to respond, become
suppressed and revert to their ancestral role in support of the func-
tioning tissue. However, because the local cell population can evolve,
we expect that, under some circumstances, one or more cells will
accumulate heritable changes that allow them to maintain an inde-
pendent state. Thus, populations of the former cell type will regress
while those with the latter will continue to proliferate and become
a speciation event to a new single-celled organism. Furthermore,
tissue subject to repeated injury or inflammation may over time ac-
cumulate cells that are increasingly likely to become permanently
independent (i.e., cancer cells) upon a subsequent perturbation.

Is there evidence for this hypothesis? In fact, this mechanism of
carcinogenesis has been hiding in plain sight through decades of ex-

periments that investigate “initiation, promotion, and progression” in
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cancer development. Briefly, the experiment (Hennings et al., 1993)
typically begins with the application of a mutagen that increases
mutations in a local population (usually but not always on the skin).
Although mutations are documented, the cells remain phenotypi-
cally normal with no increase in proliferation. If initiation is followed
by multiple applications of an irritant that causes inflammation, non-
malignant tumors (papillomas) develop. Nearly all these tumors then
regress, and spontaneous conversion to cancer is rare. However, the
rate of conversion can be increased by the application of genotoxic
agents.

In the context of our proposed model, the inflammation of
the skin, by disrupting the information dynamics in the cell mem-
brane, causes loss of control in local cells. That is, normal prolif-
erative (stem) cells at the site of inflammation or injury no longer
receive control signals from local tissue. As a result, their survival
and proliferation become dependent on their phenotypic proper-
ties and their interactions with local micro-environmental condi-
tions. In evolutionary terms, these cells now have a self-defined
fitness function which allows them to proliferate repeatedly, com-
pete with other cell clades, and experience cell turnover, and thus,
they can begin to evolve. Thus, there are two general pathways to
this state. First, the individual cell could become uncontrollable by
local tissue signals if the reception mechanisms are lost either due
to mutations or disruption of the membranes. Second, a cell could
become independent because of damage to the local tissues which
results in absent or uncoordinated signaling by the tissue. Although
these cells may be identical to nearby “normal cells” (including sim-
ilar mutational burdens), they can now evolve simply because their
survival and proliferation are no longer controlled by the damaged
local tissue.

The number of cells that can proliferate is expanded by the ge-
netic changes caused by the preceding initiation step. This produces
the cell growth observed as a papilloma. When the tissue damage
resolves, normal tissue controls result in regression of nearly all cells
with resolution of the papilloma. However, some cells in the papil-
loma have, likely by chance, acquired genetic or epigenetic changes
that produce a phenotype that is no longer controllable by the local
tissue. The addition of genotoxic stress increases the probability that
the resistant phenotype will develop allowing the cells to maintain a
self-defined fitness function. The clade with a cell-defined fitness
function has now speciated. Thus, the jump to cancer requires spe-
ciation but must be preceded by opportunities for normal cells to
have unusually long runs of cell proliferation and turnover. This al-
lows them to have self-defined fitness functions and become subject
to natural selection.

If the development of a self-defined fitness function is not ge-
netic, what is the mechanism? We see it as emerging from unusually
long runs of cell division and turnover. Such runs can happen when
there is tissue repair that can and must be filled, and when there is a
temporarily and spatially localized cessation of external tissue con-
trol on a clade's proliferation. Both involve information dynamics on

the cells’ membrane and within the surrounding extracellular matrix.

The information dynamics within the multicellular tissue become al-
tered during periods of wounding and inflammation.

Several empirical observations support the critical role of in-
formation dynamics on the cell's membrane for multicellular tissue
repair and homeostasis. For example, the transmembrane potential
is directly related to proliferation and to cancer formation (Yang &
Brackenbury, 2013). More recent studies find extensive spatial vari-
ation in the potential throughout the surface area of the cell mem-
brane (“like a soccer ball”) (Morokuma et al., 2008). Furthermore,
changes in the cell membrane potential are integrally related to for-
mation and progression of cancer populations (Berzingi, Newman, &
Yu, 2016; Yang & Brackenbury, 2013) and membrane depolarization
has been linked to activation of ERK (Waheed et al., 2010)—a well-
known mediator of oncogenic signaling in cancer (Dhillon, Hagan, &
Rath, 2007).

3.2 | Runway and lift hypothesis for carcinogenesis

Metaphorically, our model for carcinogenesis can be likened to the
successful takeoff of an airplane (Figure 1). The runway provides space
to gain speed, and the airplane's lift determines the critical speed at
which takeoff happens. Natural selection requires creative destruc-
tion, namely cell turnover via births and deaths. A million normal cells
where each turns over five generations have little chance of develop-
ing cancer. But a single cell that turns over 5 million times will almost
certainly become cancerous. In our model, having an unusually long
run of cell divisions and turnover represents the runway permitting a
self-defined fitness function. Inflammation or chronic wounding pro-
vides some progenitor cells with long runways. Mutations, epigenetic
changes, and alterations to the cell membrane that renders the cell
independent of normal tissue control represent lift.

If one pushes the metaphor, the airplane can be thought of as
a biplane with one wing representing the classic model of carcino-
genesis via driver mutations. These driver mutations may already be
present or accumulate as the cell experiences its run of cell divisions.
But, the cell's chance at cancer stops, perhaps permanently, once the
run of cell divisions stops and normal tissue control resumes—the
runway has ended.

A second process may provide lift and the second wing of the
biplane; and this second source of lift may be as, or perhaps even
more important than the accumulation of new driver mutations,
the each will facilitate the other. We hypothesize that the second
source of lift comes from nongenetic mechanisms that temporarily
or permanently alter the cell membrane or other aspects of signaling
pathways to maintain cell turnover, even as the tissue attempts to
reassert control over proliferation.

In this metaphor, we see why UV radiation and smoking become
potent promoters of skin cancers and lung cancer, respectively. Both
induce wounding and inflammation, thus increasing the length of the
runway. Both also act as mutagens and cell metabolic disrupters add-

ing lift to both wings of the biplane.
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The cell lineage that gains speed via cell turnover takes off and
becomes a malignant cancer cell by exhibiting four of the hallmarks
of cancer (Hanahan & Weinberg, 2011): resisting cell death, replica-
tive immortality, evading growth suppressors, and sustaining prolif-
erative signaling. Many properties of tissue regulation and wound
healing are anticancer adaptations that shorten the runway and re-
duce lift. P53 and other genes that either promote DNA repair (Gao
et al., 2000) or initiate apoptosis (Fridman & Lowe, 2003) on dam-
aged cells reduce lift, and these are well appreciated. Less well ap-
preciated are mechanisms to keep the runway short. These include
asymmetric cell division with concomitant cell differentiation into
nonproliferative states, telomere shortening, and the need to adhere
to a basal membrane for sustained proliferation.

This concept may also explain some of the unusual features of
familial cancer predisposition syndromes. Often, these have remark-
able tissue specificity and even limited time windows of emergence.
One example is retinoblastoma, an exclusively pediatric tumor of the
developing retina largely driven by mutations or deletions in the RB1
gene. While complete loss of function of this one gene appears suf-
ficient to provide the necessary lift and drive tumor formation, the
runway is only open for a short time in childhood when there are
actively dividing retinal progenitor cells.

Virus-associated cancers reflect a broad range of potential ac-
tivities. High-risk alpha human papillomaviruses and Merkel cell
polyomavirus, for example, co-opt and modify aspects of the cell's
machinery so as to forestall cell differentiation and promote longer
runs of cell divisions. As nonlytic viruses, this makes sense from the
virus's perspective as it permits greater numbers of virions via intrin-
sically sustained cell divisions of infected cells (Orlando, Gatenby,
Giuliano, & Brown, 2012). This lengthens the runway as well as add-
ing lift to the nongenetic wing of the biplane; facilitating HPV in-
duced cervical cancer and Merkel cell carcinoma. In contrast, chronic
viral hepatitis predisposes to hepatocellular carcinoma through both
genetic means (viral genes driving aberrant transcription) as well as
inciting inflammatory responses (for example resulting in cirrhosis).
In this case, the path to cancer involves elevated mutations rates
(genetic lift) and increased runway length through reduced extrinsic
tissue control over proliferation.

This lift and runway model invites an expanded view of carcino-
genesis that goes beyond simply focusing on the slow, lifetime ac-
cumulation of mutations (one wing of the biplane). We see critical
roles for (a) environmental perturbations (wound healing, aging, and
inflammation) giving rise to long runs of cell division with less and
varied amounts of tissue control (lengthening the runway) and (b)
changes in cell membrane functioning due to intrinsic cellular prop-
erties or alterations to a cell's properties due to the absence of extrin-
sic tissue control mechanisms (second wing of the biplane). Together,
these can allow a cell clade to transition into a self-defined fitness
function that permits somatic evolution and eventual speciation into
a new single-celled pathogen. All three aspects of the biplane model
(long runs of cell division, genetic mutations, and alterations to infor-
mation dynamics on the cell membrane) may be necessary for on-

cogenesis; and none by themselves may be sufficient. Each of these
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may be exacerbated by genetic predispositions and alterations to the
immune system or tissue control mechanisms due to iliness or age.

4 | CONCLUSION

The classic model of carcinogenesis as a sequence of random muta-
tions to critical genes corresponding to progressively more malignant
phenotypes is often termed “somatic evolution” and is based on the
assumption that evolution proceeds through a “mutation-selection”
sequence. However, this represents a narrow view of Darwinian
dynamics, which are fundamentally governed by the interaction of
local environmental properties acting as selection pressures with
the phenotypic properties of the evolving organisms. That is, in evo-
lution by natural selection, the genome is a mechanism of inherit-
ance so that accumulating changes serve more as a history of the
organism's experiences rather than its cause.

We present an alternative model in which carcinogenesis is
viewed as a transition of cellular fitness functions. For a normal
mammalian cell, fitness is identical to that of the multicellular or-
ganisms because it is controlled by local tissue instructions. In con-
trast, a cancer cell has a “self-defined” fitness function because its
survival, death, and proliferation are determined by the interactions
of its phenotypic properties with local environmental selection pres-
sures. Most importantly, this transition allows the transformed cell
to become a new species that can evolve and adapt to conditions
within the host ultimately allowing it to proliferate independently.
The cancer cell goes from being part of the whole organism's fitness
function to becoming its own unit of selection. Loss of tissue control
can be integrated with the gene-centric view of carcinogenesis by
noting how the accumulation of mutations may render the cell un-
able to receive or process extracellular tissue signals.

Here, we propose an alternative model in which a cell can acquire
a self-defined fitness function due to loss of normal tissue controls
caused by local tissue disruptions such as inflammation, infection,
or injury. In this model, genetic mutations can accumulate in normal
cells, based on random events and exposure of the tissue to muta-
gens (i.e., skin and UV radiation), but these have no effect on the cel-
lular phenotype provided the tissue controls persist. However, when
normal tissue controls are lost or suspended, the cell can use its nor-
mal and mutant genetic heritage to adapt to local tissue conditions
and, thus, evolve. What follows is a race for control. The local tissue
will typically be repaired so that it is able to reestablish control (the
runway has finite length). This adds new selection forces to the envi-
ronment. Cells that do not possess adaptive strategies will revert be-
cause of tissue control and remain “normal” (an aborted takeoff). On
the other hand, some progenitor cell(s) will possess prior mutations
(lift from upper wing), and it will acquire additional mutations, epi-
genetic switches, and changes to membrane signal processing (lower
wing of the biplane) during its long run of proliferations within the
damaged tissue. Hence, such a cell lineage may have acquired ways
to counter or ignore the re-emergence of external tissue controls.

This clade will continue to proliferate have sufficient lift to takeoff
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and become a single-celled species capable of subsequent evolution
as cancer.

We note how this model is consistent with accumulating clin-
ical data that the mutational burden of normal cells adjacent to a
cancer can approach that of the malignant cells within the tumor.
Thus, the observed differences in mutational burdens of cancers
from different organs (up to 10,000 fold) represent the underly-
ing mutation rates in those tissues as a combined readout of ex-
posure to mutagenic insults, repair, and proliferation, rather than
some intrinsic likelihood that cancer cells will arise in that tissue.
Finally, we demonstrate how the dynamics observed in classical
initiation, promotion, and progression experiments are consis-
tent with our proposed model (Hennings et al., 1993;Vincent &
Gatenby, 2008).

We feel our model is relevant to clinical cancer prevention
strategies. It provides a mechanistic explanation for why and
how interventions that reduce inflammation and infection de-
crease the probability of cancer development ( Rayburn, Ezell, &
Zhang, 2009). It breaks cancer initiation and progression into three
phases where the first represents wounding or tissue damage that
creates long runs of cell division, the second sees the cancer cells
as gaining a self-defined fitness function that sees changes in cell
membrane information processing, and third is the emergence of
a new single-celled pathogen that can now be subject to natural
selection.

Toward forestalling and stopping cancer at its onset we can
imagine a sequence of therapeutic interventions aimed at each
phase. For example, in phase 1, when the inflammation and wound-
ing associated with tissue damage creates unusually long runs of cell
division, an anti-inflammatory may prevent unusually long runs of
cell divisions. In phase 2, a targeted chemotherapy may be most ef-
fective as it will control those clones that have emerged with muta-
tions or changes to signaling pathways that slow cell differentiation
and speed proliferation. In phase 3, an immunotherapy may be most
effective at treating any emerging cancerous lesions as these cells
will begin to evolve adaptive traits that present antigens susceptible

to immune attack.

ACKNOWLEDGEMENTS
This works was supported by the Physical Sciences Oncology Center
NIH grant U54 CA143970

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
No new data are included. All presented data are publicly available in

the referenced articles.

ORCID
Robert A. Gatenby
Stanislav Avdieiev

https://orcid.org/0000-0002-1621-1510
https://orcid.org/0000-0002-1078-1459

REFERENCES

Berzingi, S., Newman, M., & Yu, H. G. (2016). Altering bioelectricity on
inhibition of human breast cancer cells. Cancer Cell International,
16(1):1-9. https://doi.org/10.1186/s12935-016-0348-8

Bodmer, W. (1997). The somatic evolution of cancer. The Harveian
Oration of 1996. Journal of the Royal College of Physicians of London,
31(1):82-9.

Bowling, S., Lawlor, K., & Rodriguez, T. A. (2019). Cell competition:
The winners and losers of fitness selection. Development, 146(13),
dev167486. https://doi.org/10.1242/dev.167486

Bussey, K. J., Cisneros, L. H., Lineweaver, C. H., & Davies, P. C. W. (2017).
Ancestral gene regulatory networks drive cancer. Proceedings of
the National Academy of Sciences, 114(24), 6160-6162. https://doi.
org/10.1073/pnas.1706990114

Cairns, J. (1975). Mutation selection and the natural history of cancer.
Nature, 255(5505), 197-200. https://doi.org/10.1038/255197a0

DeGregori, J. (2013). Challenging the axiom: Does the occurrence
of oncogenic mutations truly limit cancer development with
age? Oncogene, 32(15), 1869-1875. https://doi.org/10.1038/
onc.2012.281

Deng, G., Lu, Y., Zlotnikov, G., Thor, A. D., & Smith, H. S. (1996). Loss
of heterozygosity in normal tissue adjacent to breast carcinomas.
Science, 274(5295), 2057-2059.

Dhillon, A. S., Hagan, S., & Rath, O. (2007). Kolch W. MAP kinase signal-
ling pathways in cancer. Oncogene, 26(22), 3279-3290. https://doi.
org/10.1038/sj.onc.1210421

Dolberg, D. S., & Bissell, M. J. (1984). Inability of Rous sarcoma virus to
cause sarcomas in the avian embryo. Nature, 309(5968), 552-556.
https://doi.org/10.1038/309552a0

Duesberg, P., & Rasnick, D. (2000). Aneuploidy, the somatic mutation that
makes cancer a species of its own. Cell Motil Cytoskeleton, 47(2):81-
107. https://doi.org/10.1002/1097-0169(200010)47:2<81:AlD-
CM1>3.0.CO;2-#

Ellis,S. J., Gomez, N.C,, Levorse, J., Mertz, A. F,, Ge, Y., & Fuchs, E. (2019).
Distinct modes of cell competition shape mammalian tissue morpho-
genesis. Nature, 569(7757), 497-502. https://doi.org/10.1038/s4158
6-019-1199-y

Fearon, E. R., & Vogelstein, B. (1990). A genetic model for colorectal
tumorigenesis. Cell, 61(5), 759-767. https://doi.org/10.1016/0092-
8674(90)90186-1

Fisher, R. A. (1959). Statistical methods and scientific inference (2nd ed.).
London, UK: Oliver and Boyd.

Fridman, J.S.,&Lowe, S.W.(2003). Control of apoptosis by p53. Oncogene,
22(56), 9030-9040. https://doi.org/10.1038/sj.0nc.1207116

Frieden, B. R., & Frieden, B. R. (2004). Science from Fisher information: A
unification (Vol. xi, 2nd ed.). (p. 490). Cambridge, UK; New York, NY:
Cambridge University Press.

Frieden, B.R., & Gatenby, R. A. (2011). Information dynamics in living sys-
tems: Prokaryotes, eukaryotes, and cancer. PLoS ONE, 6(7), e22085.
https://doi.org/10.1371/journal.pone.0022085

Gao, Y., Ferguson, D. O., Xie, W., Manis, J. P., Sekiguchi, J., Frank, K. M.,
... DePinho, R. A. (2000). Interplay of p53 and DNA-repair protein
XRCC4 in tumorigenesis, genomic stability and development. Nature,
404(6780), 897-900. https://doi.org/10.1038/35009138

Gatenby, R. A. (2017). Is the genetic paradigm of cancer complete?
Radiology, 284(1), 1-3. https://doi.org/10.1148/radiol.2017171004

Gatenby, R. A., & Brown, J. (2017). Mutations, evolution and the central
role of a self-defined fitness function in the initiation and progression
of cancer. Biochimica Et Biophysica Acta. 1867(2), 162-166. https://
doi.org/10.1016/j.bbcan.2017.03.005

Gatenby, R. A., Cunningham, J. J., & Brown, J. S. (2014). Evolutionary tri-
age governs fitness in driver and passenger mutations and suggests
targeting never mutations. Nature Communications, 5(1):1-20. https://
doi.org/10.1038/ncomms6499


https://orcid.org/0000-0002-1621-1510
https://orcid.org/0000-0002-1621-1510
https://orcid.org/0000-0002-1078-1459
https://orcid.org/0000-0002-1078-1459
https://doi.org/10.1186/s12935-016-0348-8
https://doi.org/10.1242/dev.167486
https://doi.org/10.1073/pnas.1706990114
https://doi.org/10.1073/pnas.1706990114
https://doi.org/10.1038/255197a0
https://doi.org/10.1038/onc.2012.281
https://doi.org/10.1038/onc.2012.281
https://doi.org/10.1038/sj.onc.1210421
https://doi.org/10.1038/sj.onc.1210421
https://doi.org/10.1038/309552a0
https://doi.org/10.1002/1097-0169(200010)47:2%3C81:AID-CM1%3E3.0.CO;2-#
https://doi.org/10.1002/1097-0169(200010)47:2%3C81:AID-CM1%3E3.0.CO;2-#
https://doi.org/10.1038/s41586-019-1199-y
https://doi.org/10.1038/s41586-019-1199-y
https://doi.org/10.1016/0092-8674(90)90186-I
https://doi.org/10.1016/0092-8674(90)90186-I
https://doi.org/10.1038/sj.onc.1207116
https://doi.org/10.1371/journal.pone.0022085
https://doi.org/10.1038/35009138
https://doi.org/10.1148/radiol.2017171004
https://doi.org/10.1016/j.bbcan.2017.03.005
https://doi.org/10.1016/j.bbcan.2017.03.005
https://doi.org/10.1038/ncomms6499
https://doi.org/10.1038/ncomms6499

GATENBY ET AL.

Gatenby, R. A., & Frieden, B. R. (2005). The role of non-genomic infor-
mation in maintaining thermodynamic stability in living systems.
Mathematical Biosciences and Engineering, 2(1), 43-51.

Gatenby, R. A., & Frieden, B. R. (2007). Information theory in living sys-
tems, methods, applications, and challenges. Bulletin of Mathematical
Biology, 69(2),635-657. https://doi.org/10.1007/s11538-006-9141-5

Gatenby, R. A, & Frieden, B. R. (2013). The Critical Roles of Information
and Nonequilibrium Thermodynamics in Evolution of Living Systems.
Bulletin of Mathematical Biology, 75(4), 589-601. https://doi.
org/10.1007/s11538-013-9821-x

Gatenby, R. A., & Frieden, B. R. (2017). Cellular information dynamics
through transmembrane flow of ions. Scientific Reports, 7(1):15075.
https://doi.org/10.1038/s41598-017-15182-2

Gillies, R. J., Brown, J. S., Anderson, A. R. A., & Gatenby, R. A. (2018). Eco-
evolutionary causes and consequences of temporal changes in intra-
tumoural blood flow. Nature Reviews Cancer, 18(9), 576-585. https://
doi.org/10.1038/541568-018-0030-7

Greaves, M., & Maley, C. C. (2012). Clonal evolution in cancer. Nature,
481(7381), 306-313. https://doi.org/10.1038/nature10762

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of cancer: The next
generation. Cell, 144(5), 646-674. https://doi.org/10.1016/j.
cell.2011.02.013

Hennings, H. G. A., Greehalgh, D. A., Morgan, D. L., Strickland, J. E.,
Tennebaum, T., & Yuspa, S. H. (1993). Critical aspects of initiation,
promotion, and progression in multistage epidermal carcinogen-
esis. Experimental Biology and Medicine, 202(1), 1-8. https://doi.
org/10.3181/00379727-202-43511A

Jamshidi, N., Margolis, D. J., Raman, S., Huang, J., Reier, R. E., & Kuo, M. D.
(2017). Multi-regional radiogenomic assessment of porste microen-
vironments through mullti-parameteric MRl and DNA whole exome
sequencing of prostate galnds with adenocarcinoma. Radiology.
284(1):109-110. https://doi:radiol.2017162827

Kuhn, T. S. (1996). The structure of scientific revolutions. Chicago, IL:
University of Chicago Press.

Kullback, S., & Leibler, R. A. (1951). On information and sufficiency.
The Annals of Mathematical Statistics, 22(1), 79-86. https://doi.
org/10.1214/aoms/1177729694

Liu, N., Matsumura, H., Kato, T., Ichinose, S., Takada, A., Namiki, T., ...
Nishimura, E. K. (2019). Stem cell competition orchestrates skin
homeostasis and ageing. Nature, 568(7752), 344-350. https://doi.
org/10.1038/s41586-019-1085-7

Martincorena, I., Roshan, A., Gerstung, M., Ellis, P., Van Loo, P., McLaren,
S.,...Campbell, P. J. (2015). High burden and pervasive positive selec-
tion of somatic mutations in normal human skin. Science, 348(6237),
880-886. https://doi.org/10.1126/science.aaa6806

Morokuma, J., Blackiston, D., Adams, D. S., Seebohm, G., Trimmer, B., &
Levin, M. (2008). Modulation of potassium channel function confers
a hyperproliferative invasive phenotype on embryonic stem cells.
Proceedings of the National Academy of Sciences, 105(43), 16608-
16613. https://doi.org/10.1073/pnas.0808328105

Morowitz, H. J. (1955). Some order-disorder considerations in living
systmes. Bulletin of Mathematical Biophysics, 17, 81-86. https://doi.
org/10.1007/BF02477985

Morowitz, H. J. (1979). Energy flow in biology. [S.l.]: Ox Bow.

Nunney, L., Maley, C. C., Breen, M., Hochberg, M. E., & Schiffman, J. D.
(2015). Peto's paradox and the promise of comparative oncology.
Philosophical Transactions of the Royal Society B: Biological Sciences,
370(1673), 20140177. https://doi.org/10.1098/rstb.2014.0177

Orlando, P. A, Gatenby, R. A., Giuliano, A. R., & Brown, J. S. (2012).
Evolutionary ecology of human papillomavirus: trade-offs, coex-
istence, and origins of high-risk and low-risk types. The Journal of
Infectious Diseases, 205(2), 272-279. https://doi.org/10.1093/infdis/
jir717

T\ || £y

Panet, R., Marcus, M., & Atlan, H. (2000). Overexpression of the
Na(+)/K(+)/Cl(-) cotransporter gene induces cell proliferation and
phenotypic transformation in mouse fibroblasts. Journal of Cellular
Physiology,  182(1):109-18.  https://doi.org/10.1002/(SICI)1097-
4652(200001)182:1<109::AID-JCP12>3.0.CO;2-A

Park, C. C., Bissell, M. J., & Barcellos-Hoff, M. H. (2000). The influence
of the microenvironment on the malignant phenotype. Molecular
Medicine Today, 6(8), 324-329. https://doi.org/10.1016/51357
-4310(00)01756-1

Pienta, K. J. H. E., Axelrod, R., Armend, S. R., & Brown, J. S. (2020).
Hyperspeciation of the cancer clade, convergent evolution, and the
origins of lethal cancer. Molecular Cancer Research. In Press.

Rayburn, E. R., Ezell, S. J., & Zhang, R. (2009). Anti-inflammatory agents
for cancer therapy. Molecular and Cellular Pharmacology, 1(1), 29-43.
https://doi.org/10.4255/mcpharmacol.09.05

Shannon, C. E. (1959). A mathematical theory of communica-
tion. Bell System Technical Journal, 27(3), 379-423. https://doi.
org/10.1002/j.1538-7305.1948.tb01338.x

Sonnenschein, C., & Soto, A. M. (2000). Somatic mutation theory of
carcinogenesis: Why it should be dropped and replaced. Molecular
Carcinogenesis, 29(4):205-11. https://doi.org/10.1002/1098-
2744(200012)29:4<205:aid-mc1002>3.0.co;2-w

Sottoriva, A., Kang, H., Ma, Z., Graham, T. A., Salomon, M. P., Zhao, J.,
... Curtis, C. (2015). A Big Bang model of human colorectal tumor
growth. Nature Genetics, 47(3), 209-216. https://doi.org/10.1038/
ng.3214

Tollis, M., Boddy, A. M., & Maley, C. C. (2017). Peto’s Paradox: How has
evolution solved the problem of cancer prevention? BMC Biology,
15(1):60. https://doi.org/10.1186/s12915-017-0401-7

Vincent, M. D. (2010). The animal within: Carcinogenesis and
the clonal evolution of cancer cells are speciation events
sensu  stricto.  Evolution, 64(4), 1173-1183. https://doi.
org/10.1111/j.1558-5646.2009.00942.x

Vincent, T. L., & Gatenby, R. A. (2008). An evolutionary model for ini-
tiation, promotion, and progression in carcinogenesis. International
Journal of Oncology, 32(4), 729-737.

Vineis, P. (2003). Cancer as an evolutionary process at the cell level: An
epidemiological perspective. Carcinogenesis, 24(1), 1-6. https://doi.
org/10.1093/carcin/24.1.1

Waheed, F., Speight, P, Kawai, G., Dan, Q., Kapus, A., & Szaszi, K.
(2010). Extracellular signal-regulated kinase and GEF-H1 mediate
depolarization-induced Rho activation and paracellular permeabil-
ity increase. American Journal of Physiology-Cell Physiology, 298(6),
C1376-C1387. https://doi.org/10.1152/ajpcell.00408.2009

Yadav, V. K., DeGregori, J., & De, S. (2016). The landscape of somatic
mutations in protein coding genes in apparently benign human tis-
sues carries signatures of relaxed purifying selection. Nucleic Acids
Research, 44(5), 2075-2084. https://doi.org/10.1093/nar/gkw086

Yang, M., & Brackenbury, W. J. (2013). Membrane potential and can-
cer progression. Frontiers in Physiology, 4, https://doi.org/10.3389/
fphys.2013.00185

How to cite this article: Gatenby RA, Avdieiev S, Tsai KY,
Brown JS. Integrating genetic and nongenetic drivers of
somatic evolution during carcinogenesis: The biplane model.
Evol Appl. 2020;13:1651-1659. https://doi.org/10.1111/
eva.12973



https://doi.org/10.1007/s11538-006-9141-5
https://doi.org/10.1007/s11538-013-9821-x
https://doi.org/10.1007/s11538-013-9821-x
https://doi.org/10.1038/s41598-017-15182-2
https://doi.org/10.1038/s41568-018-0030-7
https://doi.org/10.1038/s41568-018-0030-7
https://doi.org/10.1038/nature10762
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.3181/00379727-202-43511A
https://doi.org/10.3181/00379727-202-43511A
https://doi:radiol.2017162827
https://doi.org/10.1214/aoms/1177729694
https://doi.org/10.1214/aoms/1177729694
https://doi.org/10.1038/s41586-019-1085-7
https://doi.org/10.1038/s41586-019-1085-7
https://doi.org/10.1126/science.aaa6806
https://doi.org/10.1073/pnas.0808328105
https://doi.org/10.1007/BF02477985
https://doi.org/10.1007/BF02477985
https://doi.org/10.1098/rstb.2014.0177
https://doi.org/10.1093/infdis/jir717
https://doi.org/10.1093/infdis/jir717
https://doi.org/10.1002/(SICI)1097-4652(200001)182:1%3C109::AID-JCP12%3E3.0.CO;2-A
https://doi.org/10.1002/(SICI)1097-4652(200001)182:1%3C109::AID-JCP12%3E3.0.CO;2-A
https://doi.org/10.1016/S1357-4310(00)01756-1
https://doi.org/10.1016/S1357-4310(00)01756-1
https://doi.org/10.4255/mcpharmacol.09.05
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1002/1098-2744(200012)29:4%3C205:aid-mc1002%3E3.0.co;2-w
https://doi.org/10.1002/1098-2744(200012)29:4%3C205:aid-mc1002%3E3.0.co;2-w
https://doi.org/10.1038/ng.3214
https://doi.org/10.1038/ng.3214
https://doi.org/10.1186/s12915-017-0401-7
https://doi.org/10.1111/j.1558-5646.2009.00942.x
https://doi.org/10.1111/j.1558-5646.2009.00942.x
https://doi.org/10.1093/carcin/24.1.1
https://doi.org/10.1093/carcin/24.1.1
https://doi.org/10.1152/ajpcell.00408.2009
https://doi.org/10.1093/nar/gkw086
https://doi.org/10.3389/fphys.2013.00185
https://doi.org/10.3389/fphys.2013.00185
https://doi.org/10.1111/eva.12973
https://doi.org/10.1111/eva.12973

