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As cancer usually follows reproduction, it is generally assumed that cancer does not select. Graham has
however argued that juvenile cancer, which precedes reproduction, could during evolution have imple-
mented a ‘‘cancer selection” that resulted in novel traits that suppress this juvenile cancer; an example is
protection against UV sunlight-induced cancer, required for the emergence of terrestrial animals from the
sea. We modify the cancer selection mechanism to the posited ‘‘cancer adaptation” mechanism, in which
juvenile mortality is enhanced through the diminished care received by juveniles from their (grand) par-
ents when these suffer from cancer in old age.
Moreover, it is posited that the cancer adaptation selects against germline ‘‘dissipative genes”, genes

that result in enhanced free energy dissipation. Cancer’s progression is interpreted as a cascade at
increasing scale of repeated amplification of energy dissipation, a cascade involving heat shock, the
Warburg effect, the cytokine IL-6, tumours, and hypermetabolism. Disturbance of any physiological pro-
cess must enhance energy dissipation if the animal remains functioning normally, what explains multi-
causality, why ‘‘everything gives you cancer”.
The hypothesis thus comprises two newly invoked partial processes—diminished (grand) parental care

and dissipation amplification—and results in a ‘‘selection against enhanced energy dissipation” which
gives during evolution the benefit of energy conservation. Due to this benefit, cancer would essentially
be an adaptation, and not a genetic disease, as assumed in the ‘‘somatic mutation theory”. Cancer by
somatic mutations is only a side process.
The cancer adaptation hypothesis is substantiated by (1) cancer’s extancy, (2) the failure of the somatic

mutation theory, (3) cancer’s initiation by a high temperature, (4) the interpretation of cancer’s progres-
sion as a thermal process, and (5) the interpretation of tumours as organs that implement thermogenesis.
The hypothesis could in principle be verified by monitoring in a population over several generations (1)
the presence of dissipative genes, (2) the incidence of cancer, and (3) the beneficial effect of dissipative
gene removal by cancer on starvation/famine survival.
� 2017 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
Introduction

In spite of much effort, the state of affairs around cancer
remains bleak. Seyfried’s book Cancer as a metabolic disease [1] tells
that in the United States cancer’s death rate is 1600 humans a day.
There seems to be a failure on the fundamental level in our under-
standing of cancer, and new ideas may solve the permanent crisis.
Here it is posited that cancer has a biological function: at the cost
of shortened individual animal lives, cancer assists animal species
during evolution in conserving energy by selecting against energy
dissipation.

Heat engines that use heat for (free) energy generation are stud-
ied in engineering and physics, just as the reverse generation of
heat from work during friction in all types of machines [2,3]. The
standard example of the heat engine is the steam engine, but
numerous other types exist as well, with new types continuously
being proposed and developed.

The author has published theoretical models for the origin and
early evolution of life in terms of heat engines [4–7]. The first
organisms would have lived on thermal cycling or thermal gradi-
ents, such as present in volcanic hot springs. This process was ter-
med thermosynthesis. The publications describe heat engines
constructed from the components of the mitochondrion, which
synthesizes ATP in the cell today by chemiosmosis.

The publications follow the postulated trajectory of evolution:
an early paper considers ATP Synthase’s b-F1 subunit as the very
first enzyme. The microorganism containing this enzyme was ther-
mally cycled by suspension in circulating convection currents in
volcanic hot springs [5]. The required amplitude of the external
thermal cycling was estimated to be at least �7.5 C [6]. A recent
paper [7] models the emergence of the (metazoan) animals in
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the thermal gradients above submarine hydrothermal vents [8]
during the Neoproterozoic global glaciations of the Snowball
Earths which preceded the Cambrian and globally impeded
photosynthesis.

Many studies mention a causal role of heat and temperature in
cancer, implicitly during inflammation [9], but also directly [10–
14]. Heat’s carcinogenicity is however not considered as remark-
able, numerous causes of cancer being known [15].

Since cancer remains extant in spite of its fatality, cancer must
plausibly give a net advantage. But which, and how? It is generally
held that, since cancer occurs mainly after the birth of offspring,
cancer does not select.

We invoke a similarity between organisms and machines: it is
posited that animal species have a mechanism to remove, or at
least to diminish, heat dissipation in the body during evolution,
just as engineers can deal with the heat generated by friction in
machines by redesigning these machines. In both organisms and
machines the enhanced efficiency by removal of friction gives a
benefit. In the hypothesis, cancer is related to a mechanism of dis-
sipation identification and pertinent gene removal in animals. The
friction-generated heat is amplified by the animal body at cancer’s
initiation and/or later promotion. Moreover, this study posits that
the detection is based on a previously proposed ancient ther-
mosynthesis mechanism involving a filamentous mitochondrion
[7]. During cancer’s progression, the amplified heat is in a cascade
repeatedly further amplified, resulting in ‘‘Cancer-associated Ther-
mogenesis” (CTG), a key attribute of cancer, and a measure of can-
cer’s aggressiveness [1].

The engineer can detect friction-generated heat in machines by
the locally raised temperature observed by thermocouples and IR
cameras [16]; in medicine, tumours are sometimes detected by
thermography with IR cameras as well [17].

The generally assumed absence of selection by cancer was con-
ceptually circumvented in 1992 by Graham1 (see also Leroi et al.
[19]) in his ‘‘cancer selection” (CS) model for cancer in animals. Can-
cer therein has an evolutionary function, and is just as regular cancer
in adults still assumed to be a disease. During evolution, new traits
would be selected by their inhibition of juvenile cancer.

We derive the ‘‘cancer adaptation” (CA) from the CS concept
(Fig. 1): as selection gives a net benefit, cancer is not considered
to be a disease, but considered to be an adaptation. The CA com-
prises two partial processes as main components:

(1) Cancer progression in the (grand) parents Cancer progression
is essentially a thermal process. In the CA, multicausal free
energy dissipation initiates cancer. Cancer stores the ther-
mal signal resulting of the dissipation which, after dor-
mancy, is repeatedly amplified late in life, accelerating
death.

(2) Weak selection on adverse genes during evolution by (grand)
parental death Cancer in the individual is separated from
the object of selection, the individual’s progeny: in the pos-
ited CA, cancer in the elderly has an adverse selective effect
on the juveniles in the progeny through the resulting dimin-
ished (grand) parental care [20].

Until a century ago, cancer was quite rare. How to explain this
rarity? In the CA, genes are selected based on the dissipation when
expressed: these germline genes that result in high heat dissipa-
1 J. Graham is not a scientist, and calls himself an amateur. He has written two
letters to the Journal of Theoretical Biology and the self-published book titled Cance
selection [18], cited 21 times in Google Scholar and reviewed in Nature. His book is
certainly not dispassionate and detached, as one expects of a scientific study, bu
several of his arguments and conclusions are far reaching. This study modifies and
extends his ideas.
r

t

tion are called ‘‘dissipative genes”. A selection against a gene may
cause ‘‘negative hitchhiking” [21], in which genes adjacent to the
target gene are also removed because of linkage disequilibrium
[22]. Negative hitchhiking can be minimized by frequent recombi-
nation, which increases with the number of generations between
incidences of cancer in the lineage. This benefit of a large number
of generations explains the rarity of cancer under natural condi-
tions (i.e., in humans: before the advance of medicine had dimin-
ished overall human mortality [23]).

The CA is substantiated by:

(1) the extancy of cancer in animals,
(2) the failure of the ‘‘Somatic Mutation Theory” (SMT) in

explaining cancer,
(3) the observed role of the temperature in initiation of cancer,
(4) the modelling of cancer’s progression as a thermal process,

and
(5) the interpretation of tumours as organs that implement

thermogenesis.

These items are the subject of the following chapters.

Why cancer remains extant during evolution

Consistent with an evolutionary old ancestry, cancer occurs not
only in humans, but also universally in vertebrates, and in many
other metazoan animals. Leroi et al. [19]:

Cancer is a hazard that few, if any, animals escape. Unambigu-
ous neoplasias have been recorded from molluscs, arthropods,
jawless fish, cartilaginous and bony fish, amphibia, reptiles
and mammals, although whether they exist in cnidarians—sim-
ple animals that include jellyfish and anemones—is more
debatable.

The animal body seems prepared for the development of cancer.
Oncogenes such as src [24] and myc [25] go far back in vertebrate
phylogeny. Even the placozoan Trichoplax, a most primitive meta-
zoan, contains the p53/mdm2 proteins of the apoptosis machinery
[26].

In the 19th century, Weismann proposed that aging involves a
programmed death of the individual, a notion termed ‘‘phenopto-
sis” by Skulachev [27] and which has been related to cancer [28].
Every human eventually develops covert cancer [29], which is
inevitable [30]. Not everyone develops however overt cancer—but
the majority would if they lived long enough [31]:

The cumulative risk to age 120 years for men is nearly 90% but it
is just over 70% for women.

When a case of cancer occurs at an early age, it is therefore bet-
ter to speak of an ‘‘acceleration of cancer” (a continuous mathe-
matical variable), and wonder about ‘‘the cause of this
acceleration”, instead of ‘‘the cause of this cancer” (a discrete
mathematical variable).

What is the specific benefit of cancer that explains its extancy?
Sommer [32] sees an optimal germ line mutation rate as the ben-
efit. This study relates cancer to germ line genes and their muta-
tions as well.

A gene can have both negative and positive effects. The stan-
dard example is the sickle cell mutation, lethal when homozygous,
but protecting against malaria when heterozygous [33]. This ambi-
guity has been generalized to ‘‘antagonistic pleiotropy”, which has
been related to several diseases [34].

Additional substantiation of the CA is given by the positive
selection of cancer-linked genes [35]. Crespi and Summers [35] list
the well-known BRCA1 gene, combined with many other, less well
known genes found by database studies of mice, chimpanzees and



Fig. 1. The ‘‘selection against enhanced energy dissipation” (SAEED) implemented by the ‘‘cancer adaptation” (CA). Cancer selects against genes with the highest free energy
dissipation and is separated in two partial processes, (a) weak-selection in the progeny and (b and c) accelerated death of (grand) parents by cancer. During evolution, new
genes enter the gene pool continuously. Their place can be anywhere in the dissipative gene pool (see insets). When arranged by energy dissipation magnitude, the most-
dissipative genes are found to the right, and are the main target of removal by the CA. Removed genes are not necessarily the most recently added genes, the latter are tested
together with the already present genes. From left to right: (a) Weak selection in the progeny. This is the last step of the CA. Accelerated death by cancer diminishes (grand)
parental care to the offspring. The larger the dissipation, the larger the acceleration of (grand) parent death, the less the given parental care, and the higher the infant
mortality. Due to the rarity of cancer the selection is weak, and the dissipative-gene is only slowly removed from the population. This weakness allows adjacent genes on the
chromosome to be saved by recombination from ‘‘negative hitchhiking”, the adverse effect of linkage disequilibrium. (b) Overall progression of cancer in (grand) parents.
Several steps are distinguished. First, new germline genes are inserted in the gene pool; somatic mutations occur during the life cycle as well. High energy dissipation inside
the cells of an organ generates a signal which in turn initiates cancer. The detected heat generated by energy dissipation can have many origins: thermogenesis may be due to
metabolism, inflammation, genetic dysfunction or interaction with the environment. Cancer typically occurs after dormancy, during which offspring is born. Cancer’s late
progression eventually shortens post-reproductive life. (c) Progression of cancer in (grand) parents at increased detail. The listed physiological processes constitute a thermal
thread discussed in Chapter 5. (d) Summary The SAEED model summarized in six steps.
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humans. Coevolution [36] is the evolution of mutual interactions
between different species. Examples are parasitism, pollination of
plants by insects, and virus-driven illnesses. Crespi and Summers
propose that ‘‘antagonistic coevolution” is involved in cancer. Gen-
eralizing, they conclude somewhat obliquely:

Such positive selection at the molecular level can be driven by
diverse forms of conflict between evolutionary agents, includ-
ing parent-offspring conflict, maternal-foetal conflict, sexual
conflict, sexual selection, and host-parasite conflict. These con-
flicts lead to evolutionary disequilibrium, molecular-level arms
races, and tugs-of-war over cellular resources, which generate
genetic, epigenetic, and developmental systems more vulnera-
ble to the development of cancer.

and
The evidence that we have presented is necessarily correlative,
as the genetic systems involved have yet to be deeply investi-
gated by both molecular-evolutionary biologists and research-
ers studying cancer. It is only through such multidisciplinary
analyses that the study of cancer will develop its own natural
history, evolutionary underpinnings, and predictive under-
standing of how diverse forms of selection driven molecular
evolution both within and between organisms.

As explanation of cancer, ‘‘antagonistic coevolution” seems
abstract and vague, but the CA generalizes Crespi and Summers’
role of conflict in cancer, and proposes that cancer can be acceler-
ated by any dysfunction (including metabolic dysfunction), with
generated heat being the universal intermediate agent.
The specific benefit of the CA is therefore the benefit of energy
conservation: cancer implements the SAEED, a purifying selection
against germline genes that cause free energy dissipation. The
SAEED/CA thus identifies/replaces the benefit proposed by Sommer
[32], Skulachev [27,37] and Lichtenstein [28,38], and, indepen-
dently, Rew [39], which compensates for the disadvantage of death
of the individual by cancer.
The somatic mutation theory

In contrast to regular diseases, cancer has many multifarious
attributes: (1) universal occurrence in animals including humans,
(2) occurrence in all organs, (3) multicausality, (4) variable pro-
gression trajectories, (5) involvement of many cancer-specific
components (cancer-specific metabolism, cancer-specific cells
(fibroblasts, macrophages), tumours, metastases), (6) numerous
oncogenes, (7) robustness to many therapies, and (8) numerous
interactions with physiology, including genetics, epigenetics,
metabolism and inflammation. These multifariousnesses are
reminding of a universal scientific principle. What is it?

The standard and mainstreammodel of cancer is the SMT which
pictures cancer as a disease caused mainly by somatic mutations
accumulated during the life cycle. This accumulation results by a
to-be-elucidated pathological process in enhanced cell or tissue
growth that is malignant and fatal: cancer would resemble a wart
that keeps increasing in size. This common picture involving ‘over-
growth’ has however only a limited explanatory power. Egeblad
[40]:



Fig. 2. GWAS and cancer (redrawn from Refs. [106,107]). Until recently, cancer was
linked to the expression of a single or a few mutations (such as in the BRCA1/2 genes
linked to breast cancer), i.e., cancer was considered to be ‘‘monogenic”, but GWAS
have shown that it also often can be linked to multiple germline genes and thus can
be polygenic. The continuum of effect (odds-ratios) and allele frequencies is
commonly divided in three classes, based on gene frequencies <1%, 1–5%, and >5%
[108]. Class 1: rare variants with a strong effect. This class is responsible for
Mendelian disease, monogenic ‘‘hereditary” or ‘‘familial” rare high-penetrance
mutations involving a high risk; Class 2: intermediate class with uncommon
variants with intermediate odds-ratios; Class 3: common variants with a low effect.
Through polygeny, a significant risk of cancer can be caused by the combined
(indicated by circles) expression of genes that on their own give only a minor
contribution to the cancer risk and have a small odds ratio.
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Just as normal developing organs, such as liver and kidneys,
have systemic consequences for the organism, so does the
tumor organ. The dramatic systemic effects of the tumor organ
are not limited to metastatic spread, but also include effects on
immunity, coagulation and metabolism. . .. Indeed, it is these
major systemic changes that cause the majority of cancer
deaths, rather than effects of the direct overgrowth of the primary
tumor or even metastases. [emphasis added]

In the SMT, the overall progression of cancer involves the stages
of (1) initiation, (2) dormancy, (3) mainly in old age, promotion /
onset, followed by amplification and, sometimes after spread by
metastasis, (4) life termination, often by the fatal state of cachexia
[41]. In the SMT, this initiation involves a genetic process, and can-
cer is called a ‘genetic disease’.

The SMT was and is a major motivation of large scale sequenc-
ing, with the expectation that this allows the more accurate iden-
tification of oncogenes, and thus, more generally, a better
understanding of this genetic disease. In 2003 the human genome
project was completed, and thereafter mutations leading to cancer
have been catalogued in ‘‘The Cancer Genome Atlas” (TCGA) [42].
Sequencing showed that the incidence of a few previously identi-
fied oncogenes is indeed large, and also showed the existence of
an even much larger number of rare oncogenes, which are involved
in a wide variety of cellular processes [43].

The recombination of chromosomes during meiosis occurs in
preferred ‘‘hot spots”. As a result the human genome can be
divided in ‘‘haplotype blocks” of �20,000–45,000 bps, which have
been genetically marked by ‘‘single nucleotide polymorphisms”
(SNPs) during the ‘‘genome-wide human haplotype map” (Hap
Map) project. Individual genomes can be mapped in terms of these
SNP-marked blocks [44].

During ‘‘Genome-Wide Associating Studies” (GWAS), a pheno-
type such as a medical condition is associated with haplotype
blocks present in a population. Associated haploblock(s) can be
fine-mapped and responsible genes identified. GWAS of cancer
have yielded many associations (Fig. 2). Many involved previously
known oncogenes, but remarkably, many weak correlations have
also been found [45]. The number of germline genes (as opposed
to somatic mutations) involved in cancer has increased, and may
further increase [46].

The obtained massive sequence data is hard to interpret. The
specific physiological effect of a mutation can in general not be
predicted. The limited applicability or failure of the SMT has been
discussed by many, for instance by Weinberg, Ledford, Baker (who
speaks of a kerfuffle) and Heng [47–50].

Alternatives to the mainstream SMT theory have sprung up. We
refer to the theories published by A. Soto and C. Sonnenschein, V.
Skulachev, P. Duesberg, J. Graham, M. Greaves, T. Seyfried, A.V.
Lichtenstein, S.G. Baker, H.H. Heng and P.C. Davies.

Hanselmann and Welter (2016) [51] have divided the theories
on cancer initiation in four categories summarized in an unordered
table, which lists seemingly contradictory observations pro and
con the category. They conclude:

. . .. no one theory can claim to be the exclusive cause of cancer
initiation and progression.

Table 1 contains observations taken from Hanselmann andWel-
ter’s table. For instance, although (pro) most cancer cells show (1)
mutations (1P1) (which may be due to heredity (1P2) or artificial
insertion (1P3)), in some cases (con) only few mutations are pre-
sent (1C2), or mutations even seem absent (1C3). Moreover, many
mutations may be present in the absence of cancer (1C1).

Similarly, (4) aneuploidy [52] (pro) is often present in cancer
cells (4P1) (which may be due to chronic infection/inflammation
(4P2)), but (con) some tumor cells show no aneuploidy (4C1).
Again, just as for mutations, aneuploidy may be present (in the
brain) in the absence of cancer (4C2).

The (3) mitochondrion plays a central role in cancer [53]: (pro)
the metabolism of cancer cells is different. Cancer shows the War-
burg effect (3P1), intense fermentation of glucose (just as in yeast)
but in the presence of oxygen (contrary to yeast) [54]. Mitochon-
drial toxins can induce cancer (3P3). Nucleus/cytoplasm (=mito-
chondrion) transfer experiments [1]—which should receive much
more attention in cancer research than they are receiving—contra-
dict several current cancer initiation theories since cancer goes
with the mitochondrion, and not with the nucleus. Mutations and
aneuploidy, i.e. genetic changes, cannot be a single initiator of can-
cer (1C5, 3P2, 4C3).

The (2) microenvironment category owes its existence to the
observable initiation of cancer by hormones and a low pH (2P1).

The Cancer Adaptation In the SMT, cancer has remained a myste-
rious phenomenon, but in the CA, cancer has a comprehensible
function. The CA considers the selection of dissipative germline
genes the main, evolutionary relevant process—it relates to hered-
itary cancer (IP2). Whereas cancer by somatic mutations is the
main process in the SMT, it is just a side-show in the CA. Somatic
carcinogenic mutations would be handled similar to germline dis-
sipative genes, as the CA cannot distinguish them.

Our Table 1, obtained by modifying Hanselmann and Welter’s
table, names and numbers their categories as (1) mutations, (2)
microenvironment, (3) mitochondrion and (4) aneuploidy, which
are incorporated in the CA framework in a single entity, the
‘‘Sequence”:

ð1 ! 2 ! 3 ! 4 ! further progressionÞ;
wherein distinct initiators from a category (say category 3) can ini-
tiate cancer in the absence of initiation by preceding categories
(here, categories 1 and 2).

The Sequence starts with (1) mutations. The hereditary cancer
(1P2) therein is the fundamental cause of cancer: cancer during
evolution continuously removes dissipative germline genes. In
the CA these genes/mutations, germline or somatic, upon expres-
sion generate heat—sometimes after interaction with the local (2)



2 The origin of phononics lies in the ‘‘thermal diode” discovered in 1936 that
nducts heat preferentially in one direction. The explanation in 2002 was followed
y the construction of the ‘‘thermal transistor”: in a thermal diode with blocked heat
ow, additional heat entry can lead to a heat flow increase across the blocked
terface. Complex thermal systems such as the ‘‘thermal computer” [61] that are
nalogues to complex electronic systems are easily imagined. The applications of
hononics to the life sciences may be numerous.

Table 1
Four, apparent contradictory, categories of cancer initiators, here named the ‘(1) mutations’, ‘(2) microenvironment’, ‘(3) mitochondrion’, and ‘(4) aneuploidy’ categories. From
Hanselmann and Welter [51], with reformulated text and rearranged rows; their study also gives references. The rows—initiator categories—in their unordered table have been
arranged in the temporal order posited in the CA. Two columns list the summarized arguments supporting and contradicting the evidence for the category. Entries have been
numbered (1P1, 1C1, . . .) in order to simplify their discussion in the text.

Hypothesis/model category Pro (P, supporting) evidence Contrary (C) evidence

(1) mutations (1P1) Most cancer cells show mutations.
(1P2) Hereditary cancer (=cancer due to germline genes)
(1P3) Targeted mutation causes cancer.
(1P4) Mutation can cause aneuploidy.

(1C1) Normal tissue shows many mutations.
(1C2) Mutation rate is too low for cancer emergence.
(1C3) Cancer can occur without mutations or with only a few ones.
(1C4) Frequently long dormancy between mutation and cancer
(1C5) Mitochondrion and nucleus transfer experiments

(2) microenvironment (2P1) Microenvironment can cause cancer (for instance by
hormones and low pH)

(2C1) Hereditary cancer (=cancer due to germline genes)

(3) mitochondrion (3P1) Warburg effect is detectable in all tumours.
(3P2) Cancer induction by mitochondrion transfer
(3P3) Cancer induction by mitochondrial toxins.

(3C1) Hereditary cancer (=cancer due to germline genes)
(3C2) Hereditary mitochondropathies that increase cancer are
unknown.
(3C3) Cancer by substances that disrupt the mitotic spindle and
induce aneuploidy.

(4) aneuploidy (4P1) Most tumours show aneuploidy.
(4P2) Pre-cancer stage, and chronic infection/inflammation show
aneuploidy.

(4C1) Some tumor cells show no aneuploidy.
(4C2) Normal brain shows constitutional aneuploidy.
(4C3) Mitochondrion and nucleus transfer experiments.
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microenvironment—heat that is detected by the (3) mitochondrion,
leading to its transformation to a carcinogenic state.

Feedback to preceding between categories however compli-
cates the simple picture of the Sequence. The progression may
result in (4) aneuploidy, which itself may change the (2) microenvi-
ronment, by a feedback process through metabolic changes (4? 2).
The started cancer may also result in additional (1) mutations,
another feedback process (further progression? 1). Due to these
feedbacks following the basic progression, the transformation to
cancer would be irreversible on the cellular scale; stopping cancer
requires cell death, apoptosis.

The Sequence in detail:
(1) Mutations: (1P1, 1P2, 1P3) mutations can cause cancer if the

metabolic changes by the expressed proteins result in sufficiently
high thermogenesis. As just mentioned, aneuploidy (1P4) may be
an intermediate step in this thermogenesis, the result of genetic
changes driving metabolic changes. Mutations that do not result
in high thermogenesis would however not cause cancer (1C1).
Where the mutation rate is too low for cancer emergence (1C2),
or even seems absent (1C3), cancer may be due to activation of fol-
lowing steps of the Sequence:

ð2 ! 3 ! 4 ! furtherprogressionÞ:
In mitochondrion transfer experiments (1C5) the pertinent pro-

cess is:

ð3 ! 4 ! furtherprogressionÞ:
The frequently long dormancy (1C4) between mutation and

cancer assists the CA in delaying cancer until the post-
reproductive period. This delay diminishes cancer’s incidence,
which in turn diminishes negative hitchhiking.

(2) Microenvironment: Cancer initiation by the micro-
environment (2P1) is attributed to the resulting changes in meta-
bolism, which cause thermogenesis. Hereditary cancer (2C1) is
not seen as contrary evidence, but would instead be a cancer initia-
tor from the preceding initiator category in the Sequence, (1)
mutations.

(3) Mitochondrion: The Warburg effect that characterizes cancer
(3P1) is linked to enhanced thermogenesis by the mitochondrion
during this metabolic condition; the thermogenesis follows ampli-
fication of metabolic thermogenesis. This mitochondrial cancer ini-
tiation also explains cancer induction by mitochondrion transfer
experiments (3P2) and mitochondrial toxins (3P3).
The absence of hereditary mitochondropathies that increase
cancer (3C2) is explained by the requirement for a proper function-
ing mitochondrion in order to effect amplification of the metabolic
thermogenesis signal during initiation by the (2)microenvironment.

(4) Aneuploidy: Substances that induce aneuploidy (3C3) are
carcinogenic because in the CA, aneuploidy enhances the disorder
of the gene expression machinery, which in turn results in
enhanced thermogenesis in the (2) microenvironment. This
(4? 2) feedback accelerates cancer’s progression. Since
aneuploidy is a late step in the Sequence, cancer can be initiated
without it (4C1, 4C3). Aneuploidy can be an early stage of cancer
(4P2), and is indeed present in most cancers (4P1).
The posited role of intracellular thermal gradients

The recent unexpected discovery of ultralow heat conductivity
inside the eukaryotic cell is a key element of the newly posited
CA. It can be a factor 105 smaller than predicted [55–59]. Although
100,000 is by all accounts a huge number, the discrepancy has
attracted little attention, and remains unresolved: ‘‘intracellular
thermal gradients” (ITGs) of �1 C should in theory decay quickly
but in practice they endure [59,60].

In daily life we have internalized that the smaller an object, the
faster it adopts the temperature of its surroundings. Because of
their extreme smallness, we expect the internal constituents of a
cell to be isothermal. The existence of significant ITGs is both a sur-
prise and an opportunity to find new explanations for observed
phenomena.

This study accounts for the paradox by postulating that on the
intracellular scale, heat conduction deviates from Fourier’s classi-
cal law: J = jdT/dx (where J is the heat flow and j the thermal con-
ductivity); instead, heat conductivity would have to be described
by the quantum mechanical concept of phonons, used in the
emerging discipline of phononics2 [62], which investigates pro-
cesses such as signalling driven by thermal gradients. Until now,
phononics has been applied to a few inanimate systems.
co
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Similar to the explicit statements of Baffou et al. [55,58], it
was implicitly assumed in previous studies by the author that
the high thermal conductivity inside the cell precludes the exis-
tence of intracellular thermal gradients. The discovered presence
of ITGs suggests a role in cellular physiology. As mentioned in
the Introduction, the minimal amplitude of the thermal gradient
to effect thermosynthesis was in a previous study by the author
estimated as �7.5 C. The invoked thermal cycling and thermal
gradients were macroscopic and external to the organism con-
sidered. Inside our own cells, these ITGs would plausibly not
have the function of generating free energy as ATP: the ITGs of
�1 C seem too small.

Although the ITGs observed today cannot plausibly generate
power, they still could however sustain intracellular signalling.
Only future investigations can tell what role ITGs play in the sig-
nalling involved in cell regulation. Although the specific details of
the functions performed are still unknown, it is clear that ITGs
might be generated and detected.

This plausible detection capability is of high principal interest.
All physiological processes dissipate free energy because of the
universal applicability of the Laws of Thermodynamics [2,3]. Fric-
tion in machines results in heat generation and diminishes effi-
ciency. The ITG may permit the detection of intracellular
dissipation, and therefore of cellular inefficiency.

Friction, and most free energy dissipating processes, i.e.
entropy-generating processes, result in thermogenesis, which is a
good (but not a perfect) measure of dissipation (we disregard
entropy-generating processes that take up heat such as relatively
rare highly endothermic chemical reactions or processes linked
to the physical process of transpiration). Minimization of energy
dissipation must maximise energy conversion efficiency, which
gives a selective advantage.

The previously mentioned carcinogenicity of a macroscopic
thermal gradient [10–14] by the resulting ITG is linked to the (2)
microenvironment cancer initiator category mentioned in the previ-
ous chapter. Examples are body parts in regular contact with hea-
ters—stoves, the Indian kangri earthenware bowl, the Japanese
kairo tin box, the skin in contact with infrared radiation and heat
[11,12,14], including reports of burn wounds and scars, and the
oesophagus in contact with hot beverages and hot food [13].

Consistent with this notion of the initiator role of a high tem-
perature generated externally to the body, a high local temperature
generated internally to the body, which must have been generated
by thermogenesis, has indeed been reported as a first sign of breast
cancer [63]. Etehadtavakol and Ng [64]:

An irregular thermogram is indicated as a significant biological
risk marker for the presence or growth of breast tumours. [em-
phasis added]

Polygeny can similarly be explained by combined thermogene-
sis. The numerous ‘‘cancer susceptibility genes” [65] found by
GWAS have led to a change from single-gene to polygenic model-
ing of cancer. Polygeny deals with combined effects of genes and is
commonly invoked in GWAS studies [66]. A standard example is
body length, associated with dozens of genes [67]; the contribution
of each single gene may be small but is quantifiable as a number of
mm’s height.

What is the physiological mechanism of the additivity seen in
polygeny? In the case of cancer, how can there be so many cooper-
ating weak oncogenes? Schadt (2009) has explained the aetiology
of polygenic diseases found by GWAS by special attributes of the
metabolic networks sustained by the pertinent genes [68]. Wallace
(2010–2013) has proposed links between ‘‘GWAS & common dis-
eases” to ‘‘bioenergetics & mitochondria” [69]. Garraway and Lan-
der recently (2013) remarked on the numerous found oncogenes
[43]:
. . .many of the newly discovered cancer genes affect global pro-
cesses whose precise connection to cancer remains obscure.
These cancer genes act by deranging gene expression (through
changes to chromatin and DNA methylation), RNA splicing, pro-
tein synthesis and degradation, and cellular metabolism. . .. Pre-
sumably, these global changes propel cancer by affecting one or
more specific targets [emphasis added] involved in cancer pro-
cesses—activating or repressing specific genes, altering the iso-
forms of specific mRNAs, and increasing or decreasing steady-
state levels of specific proteins. The key targets are likely cell
type specific, accounting for the presence of specific subsets of
driver genes in particular cancer types.

In the CA, these mentioned specific ‘‘targets” are redundant: the
numerous recently found weak oncogenes with their very low-
odds ratio are linked to cancer by the additive effect of enhanced
thermogenesis. A large enough combination of weak oncogenes
would generate sufficient heat to significantly accelerate cancer.

The thermal thread during cancer’s progression

After the model in Table 1 for the initiation of cancer, we model
its progression with a core role for heat and temperature. In all
organs, cancer stem cells would continuously check their microen-
vironment for the carcinogenic initiating thermal signal. The
detected dissipation, linked to an adverse germline gene through
the associated ITG, is after dormancy amplified late in life; the pro-
gression eventually results in fatal hypermetabolism, followed by
gene removal by (grand) parental and offspring death. The thread
is composed of a large number of partial thermal processes, com-
prising many entities:

presence of dissipative germ line gene (Table 1: 1. Mutations:
1P2)? (2. Micro-environment: high local temperature)? the
centrosome/mitochondrion (3. Mitochondrion; 4. Aneu-
ploidy)? the heat shock machinery? thermal sensing by other
cellular compounds? chronic inflammation? inflammation
amplification? the Warburg effect and uncoupling? tumor for-
mation? hypermetabolism? individual death? diminished
(grand) parental care? enhanced death of offspring? removal
of dissipative germ line gene from the lineages

Interference of each of these entities/processes with the tem-
perature or by a mutation may cause initiation of a downstream
cancer progression, another explanation of cancer’s multicausality
(where we found a reference of a possible causal link between the
entity/process and cancer, we give this hereafter as the literature
reference for the entity).

The given sequence of the cascade is tentative, and additional
investigation may lead to its rearrangement. In particular it is con-
sidered possible that eventually mitochondrion-related processes
will be found to precede centrosome-related processes. Keeping
this uncertainty in mind, we start with the centrosome.

(1) The centrosome The uncertainties surrounding the centro-
some demonstrate that the physiology of the cell is far from com-
pletely elucidated [70]. Since microtubules lead to the centrosome,
also called the ‘‘microtubule organizing center” (MTOC) [71], Kong
has proposed that microtubules carry information that is processed
therein, making it ‘‘the cell’s brain” [72]. A raised temperature [60]
has been observed in the centrosome and it therefore can sustain
an ITG.

As mentioned in Footnote 2, many analogues of electronic
devices have recently been proposed in phononics including the
‘‘thermal computer” [61]. Combining the just mentioned ideas
and observations, we hypothesize that the centrosome is a thermal
computerwhich processes thermal signals carried bymicrotubules.
Disturbance of this thermal computer is another conceivable cause



Fig. 3. The previously proposed thermonerve, a progenitor of the nerve [7]. The
thermonerve gained energy from a thermal gradient by a biological analogue of the
well-known thermocouple, in which two different alloys are placed in a thermal
gradient which generates different electrical potentials in the alloys. In the
thermonerve, electrical potentials DWTDP,i and DWTDP,o are instead generated by
means of the Soret-effect in two solutions with different composition, present
inside and outside a filamentous membrane [7] (the idea extends Skulachev’s cable
model for the mitochondrion [109]). The difference in potentials drives two
different ATP Synthases, each type localized at one of the filament’s end points. One
is forwards active, at a low proton:ATP ratio, the other backwards active,
functioning as a proton-pump at a high proton:ATP ratio. The circulating current
generates net ATP from the thermal gradient. It is posited that a filamentous
mitochondrion placed inside a eukaryotic cell can similarly detect ITGs: the possible
relic of the thermonerve does not function as heat engine but uses the ITG for
thermal signalling during carcinogenesis.
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of cancer. Microtubules are often adjacent to mitochondria [73],
which can yield the heat required by phononics.

The functioning of the centrosome is easily linked to aneuploidy
since the centrosomemoves the chromosomes during cell division:
it is plausible that centrosome disturbance breaks them.

(2) The mitochondrion Cancer is strongly linked to the mitochon-
drion [53]. Transplantation experiments show that cancer goes
with the mitochondria-containing cytoplasm and does not go with
the nucleus [1]. Regular mitochondria suppress cancer.

The mitochondrion is the cellular site of oxidative phosphoryla-
tion. Its impediment is the only metabolic pathway, from a large
collection of tested pathways, which negatively affected survival
in a study of the link between chromosomal instability and cancer
[74]. It seems a most suitable organelle for detecting errors in
energy conversion.

IR radiation is associated with heat. It can elicit ‘‘the retrograde
response,” a signal from mitochondria to the nucleus that has been
linked to cancer; its name follows from its direction opposite to the
regular information flow direction from nucleus (DNA) to cyto-
plasm (protein) [75].

In a previous paper [7] the author described a theoretical heat
engine called the ‘‘thermonerve” which consists of a filamentous
membrane that generates ATP in a thermal gradient (Fig. 3). It
was considered a progenitor of today’s nerve that worked on ther-
mal gradients of biomembrane size. During the global glaciations
of the late Proterozoic, the thermonerve would have generated
ATP for the first animals in the thermal gradients above submarine
hydrothermal vents.

Today’s mitochondrion can undergo dynamic fusion-fission
transitions between (1) a fragmented or spherical shape, and (2)
an extended, filamentous or network-like shape [76]. A filamen-
tous mitochondrion spanning an ITG could detect a thermal gradi-
ent similar to the thermonerve, and little or no modification of the
mechanism may suffice to initiate cancer.

(3) The heat shock machinery A macroscopic high temperature
affects mitochondria, as was noticed by the first investigators of
heat shock [77]. This Heat Shock process, activated by an externally
applied high temperature could plausibly be activated by ITGs as
well: the first report [78] mentions that the externally applied high
temperature can be mimicked by the uncoupler dinitrophenol,
which must generate an ITG near the mitochondrion. Heat Shock
involves the promotor Heat Shock Element (HSE), and the synthe-
sis of RNA and proteins, such as transcription factor Heat Shock
Factor 1 (HSF1) and heat shock proteins (Hsps, including Hsp60
and Hsp90). HSF1 binds to the HSE promotor of Hsp genes and
can drive tumorigenesis [79].

(4) Thermal sensitivity of cell components Temperature sensitiv-
ity is found in the plasma membrane [80], intermediate filaments
[81], and even DNA and RNA [82]. The ‘‘high-temperature-required
proteins A” (HTRAn) are involved in several processes, some
related to cancer. Another thermal sensitive protein linked to can-
cer is the H2A.Z histone [83], a major component of the epigenetic
machinery.

(5) Chronic inflammation Chronic inflammation stimulates can-
cer [9].

(6) The inflammation amplifier based on an epigenetic switch
Recently, Murakami et al. [84] have proposed the notion of the ‘‘in-
flammation amplifier” for cancer, which relates to the ‘‘inflamma-
tion feedback loop” (Fig. 4) [85,86]. An epigenetic signal can drive
carcinogenesis [87], and Struhl et al. [85,86] have modified Mura-
kami’s idea to such an epigenetic switch (H3K27-trimethylation)
[86,88].

In some ‘‘predisposed cells” a transient activation of Src lasting
5 min turns them into cancer cells [85]. Struhl [86]:

. . . activation of this inflammatory regulatory circuit is insuffi-
cient to trigger transformation of normal cells. Instead, this
inflammatory circuit is likely to be relevant in ‘‘predisposed”
cells that are genetically altered to be at an intermediate stage
in the transition between a primary cell and a cancer cell. In
such predisposed cells, anything that activates the positive fac-
tors (NF-jB, Lin28, IL-6, STAT3, miR-21, mir-181b-1) or inhibits
the negative factors (let-7, PTEN, CYLD) will trigger the inflam-
matory feedback loop that induces and maintains the trans-
formed state. As such, the triggering event does not have to
be an inflammatory signal (e.g., Src) per se, but can be any
genetic or environmental change that affects the activity of factors
in the inflammatory feedback loop. [emphasis added]

The loop could combine many causes of cancer, including
causes which are at the moment only partially resolved, such as
the carcinogenicity of RNA. The intensity of the enhanced feedback
loop can enhance dissipation quantitatively by cytokine IL-6,
which is involved in inflammation, and negatively correlates with
patient prognosis [89].

(7) The Warburg effect Warburg discovered that cancer cells
have a distinct metabolism: excessive glucose fermentation in
the presence of oxygen [54]. His observations were ignored by
the mainstream of cancer research after the 1950s, but they are
nowadays reconsidered. In the standard cancer paradigm the inef-
ficiency of ATP generation during the Warburg effect is puzzling
[90], but in the CA it is naturally linked to CTG, and thus simply
explained. Excessive glutamate consumption during cancer’s pro-
gression is similarly explained.

(8) Uncoupling CTG can also occur by other mechanisms. During
cancer, mitochondria show high proton leakage [91]; the uncou-
pling of oxidative phosphorylation produces heat. Uncoupling
can be effected in many ways, including the so called ‘‘uncoupling
proteins” of varying types (UCPns) [92], of which the activity
increases during the progression of cancer.

(9) Tumours and tumor cells have a high temperature The high
temperature [93] was already noted by Galen and Avicenna in
ancient times. Today, CTG has been observed from the scale-
range of cells [94] to the whole organism [95]. Generation of CTG
by cancer tissue has been observed by microcalorimetry: the gener-
ated heat can be a factor 10 larger than the heat generated in reg-
ular tissue [96]. In tumor cells the heat production can also be much
higher; Van Wijk et al. give values of 15–50 pW/cell [97].



Fig. 4. The inflammatory feedback loop/circuit between the ‘‘nuclear factor” NF-jB (a transcription factor) and the cytokine IL-6 (redrawn from Fig. 7E in Ref. [85] and Fig. 7G
in Ref. [86]). Rectangles indicate RNA molecules, ovals proteins. The feedback loop/circuit transforms ‘‘predisposed cancer cells” into regular cancer cells. The signal starts
with SRC oncogene. A. The inflammatory loop/circuit consists of the composite signalling channels a–e. Channels d and e are activated through STAT3. B. Increase in the
feedback loop signal as a result of the opening of additional signal channels may result in enhanced dissipation. For additional discussion and references see the main text.
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(10) Hypermetabolism at the end stage At the end of cancer’s pro-
gression in the patient, different cancer cell types converge to a
similar end state [98]. On the organism scale, cancer types seem
to converge as well. During cachexia, a frequent end stage, thermo-
genesis is enhanced by the ‘‘energy-wasting syndrome” [95] which
comprises a diverse collection of highly dissipative processes, from
an enhanced inter-organ Cori (lactate) cycle between the tumor
and liver, down to uncoupling by UCP proteins.

We consider thermogenesis of the individual cancer patient.
The ‘‘resting energy expenditure” (REE) is the energy spent by an
individual human at rest. Recent studies in healthy humans by
Pontzer [99] show that the possible increase of daily ‘‘total energy
expenditure” (TEE) is constrained, from the base REEstart of REE of
�2300 kcal/day, TEE reaches a plateau of 2500 kcal/day. The main
cause of variation is ‘‘physical activity” (PA): when this exceeds
200 kcal/day, REE decreases, and body mass diminishes.

The REE has been widely investigated in cancer research. A
recent (2016) meta-analysis by Nguyen et al. [100] of 27 REE stud-
ies states that in cancer patients REE is on average enhanced by 8–
9% (although the reported confidence interval is large).
Tumours would therefore increase the energy expenditure of
the entire body. As a result, REE approaches TEEmax, and less energy
is available for PA, which explains the fatigue reported by cancer
patients [101]. We divide REE into a non-cancer and a cancer part:

REE ¼ REE0 þ REEcancer

As REEcancer increases, and REE reaches its limit of TEEmax, REE0
must decrease, as is observed during cachexia, and body mass
becomes lost: instead of by a high PA, by a high REEcancer. Because
of the progressed cancer, there is insufficient energy available to
maintain body mass.

(11) The terminal phase About 50% of cancer deaths is due to
cachexia. We quote Egeblad for the second time, now emphasizing
the fatal role of systemic effects [40]:

Just as normal developing organs, such as liver and kidneys,
have systemic consequences for the organism, so does the
tumor organ. The dramatic systemic effects of the tumor organ
are not limited to metastatic spread, but also include effects
on immunity, coagulation and metabolism. . .. Indeed, it is these
major systemic changes that cause the majority of cancer deaths,
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rather than effects of the direct overgrowth of the primary
tumor or even metastases. [emphases added]

In addition to cachexia, with severe fatigue and weight loss,
Egeblad mentions infections, and thromboembolism as specific
causes of death.

(12) The removal of the dissipative germline gene from the popula-
tion As a result of this death, (grand) children of the individual
receive less (grand) parental care, and their mortality must
increase. Infants under 6 years old may be especially vulnerable.
In rural Gambia, an undeveloped country where conditions may
still resemble the conditions of humans living under natural condi-
tions in natural environments, it has indeed been observed that
infant death increases upon the death of (grand) mothers [102].

This infant death is the last step of the dissipative gene removal
which is posited to constitute the essence of cancer. In the spirit of
phononics, the germline gene removal can be interpreted as the
processing of a thermal signal which was detected and transmit-
ted. Because of the involvement of progeny, the whole process of
the SAEED takes many generations, and surpasses the time scale
of the life cycle of individual organisms.
Tumours are organs that implement thermogenesis

Tumours, primary tumours as well as metastases, appear late
during cancer’s progression. Tumours increase the metabolism of
the entire body, and thus cause the hypermetabolism of the end
stage of cancer’s progression [100]:

The presence of tumor is proposed to elevate energy expendi-
ture. However, there is uncertainty surrounding this. It has been
suggested that the tumor itself is unlikely to be the direct cause
of elevated energy expenditure as tumor rarely contribute more
than 5% of body weight. A plausible explanation may be that the
presence of tumours can exert an indirect effect on energy expendi-
ture. The production of biochemical mediators stimulated by
tumor growth may alter metabolism and promote the inflam-
matory response which could contribute to hypermetabolism.
[emphasis added]

Tumours are formed upon the attraction by cancer cells of reg-
ular cells; the resulting complexity varies strongly. Some are sim-
ple, and seem to consist of only a few cancer cells that have
attracted many regular cells, such as the lymphoma of Hodgkin’s
disease. Other tumours are highly complex, and resemble organs
[40]. Lichtenstein highlights common misunderstandings of the
tumor-organism interaction, in which the tumor host is seen to
support the tumor [38]:

The tumor and organism relationships are intuitively (perhaps
by analogy with infections) perceived as antagonistic. It seems
that this does not correspond to reality. If tumor elimination
were the real priority of the ‘‘host”, it would be simply enough
to ignore it. Most likely, the organism not only does not struggle
against tumor, but on the contrary, it helps the tumor in all pos-
sible ways and the tumor exists exclusively due to the support
from the immediately surrounding and remote normal tissues.
Fibroblasts, tumor-associated macrophages, tumor-infiltrating
neutrophils, stroma, bone marrow, and remote organs are
involved in the ‘‘escape action”. Inflammation cells are an obli-
gatory growth stimulating component of a tumor focus. Owing
to the help from the outside, tumor cells get blood supply, grow,
form metastases, and mutate at a higher rate. In response to the
tumor produced granulocyte colony stimulating factor, synthe-
sis in bone marrow of angiogenic peptide Bv8 increases, and as
a result, myeloid cells are mobilized and rush to the tumor focus
where they induce angiogenesis.
In 2010, Egeblad et al. published a study titled ‘‘Tumors as
organs” [40]:

Solid tumours are not randommixtures of cells and ECM [extra-
cellular matrix], but rather resemble organs, . . .

They contain multiple cell types and extracellular matrix com-
ponents and develop through complex interactions between
these different components of the tissues using processes that
often resemble those used by developing organs. Tumors inter-
act with the rest of the organism, similarly to normal organs.
However, whereas normal organs have functions that support
the survival of the organism, the systemic effects of the tumor
organ often are what ultimately kill the patient. Thinking of
tumours as organs may allow us to better understand the pro-
cesses that govern how solid tumours develop and progress.

The frequent protection of tumours by the immune system is
often seen as a paradox [103]. Egeblad notices that the interaction
between a tumor and the immune system differs strongly from the
interaction during a regular disease [40]:

Whereas the cells of the innate immune compartment are pri-
mary tumor-promoting, the adaptive immune compartment
(B and T cells) can be tumor suppressing. . .. Though the role
of the adaptive immune compartment in suppressing cancer
is well established, there is also evidence that it plays a role
in promoting cancer.

In the CA, this tumor promotion by the immune system is
explained by the ‘‘tumor organ” being an organ that has the func-
tion of killing the individual—in the CA, there is no paradox.

The observation that cutting the nerve to a gastric tumor
impedes this tumor [104] is hard to explain from the point of view
that cancer is a disease, as the effect of denervation must involve a
complex mechanism. In the CA model, it is however reasonable
that the progression of cancer is well regulated and under control
of the entire organism, including the central nervous system.

The similarities between tumours and organs are interpreted as
evidence that a tumor is indeed an organ, with the function of kill-
ing the animal in a controlled way, in agreement with the posited
role of cancer in the CA.

Discussion

A comprehensive new model for cancer has been presented in
which cancer is a major component of the evolutionary machinery
of animals. The SAEED/CA hypothesis posits a major change in the
fundamentals of cancer. Due to lack of space, we can only list a few
of the numerous ramifications. Some items of the following list are
summaries, others are corollaries or speculations:

(1) What is cancer? Seyfried has lamented the absence of a [1]:

. . . unifying theory that can integrate the diverse observations
on the nature of the disease. Without a clear idea on cancer ori-
gins, it becomes difficult to formulate a clear strategy for effec-
tive management and prevention.

Here we propose such a unifying theory. Instead of the common
assumption that the essence of cancer is a disease which involves
the loss of control of cell division, cancer is posited to be an adap-
tation that permanently implements energy conservation by
selecting germ line genes.

The model naturally explains the multicausality of cancer and
the numerous oncogenes found by sequencing and GWAS. The
multicausality [1,15] is linked to energy dissipation and the univer-
sally applicable Laws of Thermodynamics. The model explains why
‘‘everything” can be a cause of cancer, or, why, in the colloquial,
‘‘everything gives you cancer”.
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(2) The CA is unusual in the invoking of (grand) parental care,
which falls outside the disciplines of physiology, biochem-
istry and molecular biology commonly called on in cancer
research.
This study modifies Graham’s CS, which is based on a selec-
tion mechanism involving

accelerated death of juvenile animals by cancer,

and yields the CA, with the SAEED involving

accelerated death of juvenile animals through accelerated death
of their (grand) parents by cancer.

Animals can roughly be divided in those that give parental care
(K-selection) and those that do not (r-selection) [105]. The exis-
tence of r-selection is no counterexample of the CA. The number
of gametes produced during r-selection is already a good measure
of metabolic efficiency, which makes a complex CA that selects
against inefficiency redundant.

(3) A tumor is an organ that has the function of killing the indi-
vidual by amplified thermogenesis on the short evolutionary
term, so that in the long evolutionary term energy dissipa-
tion is minimized.

(4) The rarity of cancer before the 20th century permitted
slightly beneficial genes to escape through recombination
from ‘‘negative hitchhiking” while the adverse dissipative
genes were removed.

(5) The (1) Warburg effect, (2) enhanced glutamate metabolism,
and (3) uncoupling work through the heat they generate.

(6) The heat shock machinery and uncoupling proteins are com-
ponents of the CA.

(7) The aggressiveness of cancer relates to the magnitude of its
acceleration of death. The aggressiveness of an oncogene or
of polygenes has been related to the magnitude of thermal
dissipation. This death acceleration-aggressiveness-dissipa
tion correlation is observable and verifiable. It may be ther-
apeutically important: if heat generation is not detectable or
small, treatment may be less urgent. Moreover, the efficacy
of a treatment may be testable by the effect on the observed
dissipation.

(8) At present, the hypothesis is only conceptual and theoretical.
The many organs, animals, and historical periods in which
cancer may have occurred allow for several combinations
of applicability: the hypothesis may apply (1) to all cancer
types in all metazoan animals, (2) to only some or a few can-
cer types in all animals, (3) to only some cancer types in
some animals, (4) to only some animals in the past (for
instance, in the first metazoans), or (5) may even not apply
anywhere in the present—nor (6) having applied anywhere
in the past.

Future experimental work by observers, experimenters and
clinicians can clarify this uncertain applicability of the hypothesis.
Such work could involve the determination of the presence of dis-
sipative genes in a population of animals or humans, the occur-
rence of cancer as related to these genes, and the effect of
changes in reproductive rate on the survival of intermittent
starvation/famine.

In summary, an evolutionary-physical hypothesis for cancer is
presented with a wide explanatory power. Cancer is posited to
be an adaptation and not a disease. Selection by cancer diminishes
in the species the energy dissipation that according to the Laws of
Thermodynamics is inherent to any system, animate or inanimate.
The function of cancer in an individual is posited to amplify in old
age heat dissipation that occurred at an earlier age due to germline
mutations, and thus to accelerate death, which results in a minor
selection against the mutations by death of the progeny.

The hypothesis presents a complete new point of view on can-
cer, and can be called a truly new paradigm. Numerous reinterpre-
tations of observations become possible. This study already
explains cancer’s overall progression, its complexity, its multi-
causality, its extancy in humans and animals, the heat produced
and the correlation with its aggressiveness, its rarity in humans
in the past, oncogenes, its polygeny by numerous weak oncogenes
found by GWAS, the role of the centrosome, aneuploidy, the role of
the microenvironment, the carcinogenicity of external high tem-
peratures, the role of intracellular thermal gradients, the inflam-
mation amplifier, the epigenetic switch, the role of the
mitochondrion, mitochondrion transfer experiments, fusion-
fission of the mitochondrion, the role of metabolism, the Warburg
effect, glutamate metabolism, uncoupling, the tumor organ, hyper-
metabolism, the apparent paradoxal role of the immune system,
and the apparent paradoxal effect of denervation.

Cancer metabolism is a currently quickly evolving discipline,
also because of the many investigations of the distinct thermogen-
esis by brown, white and beige fat. Since the state of knowledge in
this area is in this flux and also due to lack of space, we have not
referred to them, but it shall be clear that the CA may be highly rel-
evant for these studies.

The presented hypothesis cuts the Gordian knot of a vast, fast
expanding, extraordinarily confusing, extensive and disorganized
body of observations and experimental studies. It yields a simple
explanation of cancer in terms of a few well-established notions
from physics, engineering and biology such as heat, temperature,
thermogenesis, energy conservation, energy conversion, (grand)
parental care and natural selection. Until now, cancer has been
seen as a major pathological process; this study asserts instead
that cancer also may foremost be a major constructive agent of ani-
mal evolution. Cancer may be a necessity in a complex species—
complex extraterrestrial life might also need cancer.

Confirmation of the presented hypothesis on the fundamentals
of the cancer will most plausibly lead to improvement in cancer
therapy.

The presented progression of cancer can be linked to its phy-
logeny: this study adds cancer to the biological phenomena of
which the emergence can be modelled in terms of thermosynthe-
sis. This study therefore gives additional corroboration to the
author’s tenet that thermal processes play a fundamental and cen-
tral role during evolution.

Conflict of interests

The author declares no competing interests.

Funding

The work was not grant supported.

Acknowledgements

Discussions with Steph Menken, Peter Roessingh, James Gra-
ham, Paul Fransz, Dirk Schulze-Makuch, Ronald Koes, Esther de
Boer, Klaas Franken, Hans Crezee, Matteo Barberis, William Beck-
man, Roel van Driel and Hans Westerhoff during the writing of this
paper are acknowledged.

References

[1] Seyfried T. Cancer as a metabolic disease: on the origin, management, and
prevention of cancer. Hoboken, New Jersey: Wiley; 2012.

[2] Zemansky MW. Heat and thermodynamics: an intermediate textbook. New
York: McGraw-Hill; 1968.

http://refhub.elsevier.com/S0306-9877(16)31024-6/h0005
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0005
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0010
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0010


114 A.W.J. Muller /Medical Hypotheses 104 (2017) 104–115
[3] Moran MJ, Shapiro HN, Boettner DD, Bailey M. Fundamentals of engineering
thermodynamics. New York: Wiley; 2010.

[4] Muller AWJ. Thermoelectric energy conversion could be an energy source of
living organisms. Phys Lett A 1983;96:319–21.

[5] Muller AWJ. Were the first organisms heat engines? A new model for
biogenesis and the early evolution of biological energy conversion. Prog
Biophys Mol Biol 1995;63:193–231.

[6] Muller AWJ. Thermosynthesis as energy source for the RNA World: a model
for the bioenergetics of the origin of life. BioSystems 2005;82:93–102.

[7] Muller AWJ. Life explained by heat engines. In: Seckbach J, editor. Genesis – In
The Beginning. Netherlands: Springer; 2012. p. 321–44.

[8] Baross JA, Hoffman SE. Submarine hydrothermal vents and associated
gradient environments as sites for the origin and evolution of life. Orig Life
Evol Biosph 1985;15:327–45.

[9] Balkwill F, Mantovani A. Inflammation and cancer: back to Virchow? The
Lancet 2001;357:539–45.

[10] Abbas J, Beecham J. Burn wound carcinoma: case report and review of the
literature. Burns 1988;14:222–4.

[11] Gaeta JF. Trauma and inflammation. In: Bast RC, Kufe DW, Pollock RE, et al.,
editors. Holland-frei cancer medicine. Hamilton, ON: BC Decker; 2000.

[12] Schroeder P, Pohl C, Calles C, Marks C, Wild S, Krutmann J. Cellular response
to infrared radiation involves retrograde mitochondrial signaling. Free
Radical Biol Med 2007;43:128–35.

[13] Islami F, Boffetta P, Ren J, Pedoeim L, Khatib D, Kamangar F. High-temperature
beverages and foods and esophageal cancer risk—A systematic review. Int J
Cancer 2009;125:491–524.

[14] Calapre L, Gray ES, Ziman M. Heat stress: a risk factor for skin carcinogenesis.
Cancer Lett 2013;337:35–40.

[15] Szent-Gyorgyi A. The living state and cancer. Proc Natl Acad Sci U S A
1977;74:2844–7.

[16] Jadin MS, Taib S. Recent progress in diagnosing the reliability of electrical
equipment by using infrared thermography. Infrared Phys Technol
2012;55:236–45.

[17] Ng E. A review of thermography as promising non-invasive detection
modality for breast tumor. Int J Therm Sci 2009;48:849–59.

[18] Graham J. Cancer selection: the new theory of evolution. Lexington: Aculeus
Press; 1992.

[19] Leroi AM, Koufopanou V, Burt A. Cancer selection. Nat Rev Cancer
2003;3:226–31.

[20] Sear R, Mace R. Who keeps children alive? A review of the effects of kin on
child survival. Evol Human Behav 2008;29:1–18.

[21] Charlesworth B, Morgan MT, Charlesworth D. The effect of deleterious
mutations on neutral molecular variation. Genetics 1993;134:1289–303.

[22] Conrad DF, Jakobsson M, Coop G, et al. A worldwide survey of haplotype
variation and linkage disequilibrium in the human genome. Nat Genet
2006;38:1251–60.

[23] David AR, Zimmerman MR. Cancer: an old disease, a new disease or
something in between? Nat Rev Cancer 2010;10:728–33.

[24] Oppermann H, Levinson AD, Varmus HE, Levintow L, Bishop JM. Uninfected
vertebrate cells contain a protein that is closely related to the product of the
avian sarcoma virus transforming gene (src). Proc Natl Acad Sci U S A
1979;76:1804–8.

[25] Atchley WR, Fitch WM. Myc and Max: molecular evolution of a family of
proto-oncogene products and their dimerization partner. Proc Natl Acad Sci U
S A 1995;92:10217–21.

[26] Lane DP, Cheok CF, Brown C, Madhumalar A, Ghadessy FJ, Verma C. Mdm2
and p53 are highly conserved from placozoans to man. Cell Cycle
2010;9:540–7.

[27] Skulachev V. What is ‘‘phenoptosis” and how to fight it? Biochemistry
(Moscow) 2012;77:689–706.

[28] Lichtenstein AV. Cancer: evolutionary, genetic and epigenetic aspects. Clin
Epigenet 2010;1:85–100.

[29] Greaves M. Does everyone develop covert cancer? Nat Rev Cancer
2014;14:209–10.

[30] Huang S. Tumor progression: chance and necessity in Darwinian and
Lamarckian somatic (mutationless) evolution. Prog Biophys Mol Biol
2012;110:69–86.

[31] Ahmad AS, Ormiston-Smith N, Sasieni PD. Trends in the lifetime risk of
developing cancer in Great Britain: comparison of risk for those born from
1930 to 1960. Br J Cancer 2015;112:943–7.

[32] Sommer SS. Does cancer kill the individual and save the species? Hum Mutat
1994;3:166–9.

[33] Strickberger MW. Evolution. Sudbury, Mass. Jones and Bartlett; 2000.
[34] Carter AJ, Nguyen AQ. Antagonistic pleiotropy as a widespread mechanism

for the maintenance of polymorphic disease alleles. BMC Med Genet
2011;12:1.

[35] Crespi BJ, Summers K. Positive selection in the evolution of cancer. Biol Rev
2006;81:407–24.

[36] Thompson JN. The coevolutionary process. Chicago: University of Chicago
Press; 1994.

[37] Skulachev M, Skulachev V. New data on programmed aging—slow
phenoptosis. Biochemistry (Moscow) 2014;79:977–93.

[38] Lichtenstein A. Carcinogenesis: evolution of concepts. Biochemistry
(Moscow) 2009;74:353–61.

[39] Rew DA. The evolutionary biology of death and human malignancy. Eur J Surg
Oncol 1998;24:568–72.
[40] Egeblad M, Nakasone ES, Werb Z. Tumors as organs: complex tissues that
interface with the entire organism. Dev Cell 2010;18:884–901.

[41] Fearon K, Strasser F, Anker SD, et al. Definition and classification of cancer
cachexia: an international consensus. Lancet Oncol 2011;12:489–95.

[42] The Cancer Genome Atlas Research Network, Weinstein JN, Collisson EA, et al.
The Cancer Genome Atlas Pan-Cancer analysis project. Nat Genet
2013;45:1113–1120.

[43] Garraway LA, Lander ES. Lessons from the cancer genome. Cell
2013;153:17–37.

[44] International HapMap Consortium. A haplotype map of the human genome.
Nature 2005;437:1299–320.

[45] Sampson JN, Wheeler WA, Yeager M, et al. Analysis of heritability and shared
heritability based on genome-wide association studies for thirteen cancer
types. J Natl Cancer Inst 2015;107. djv279.

[46] Lu Y, Ek WE, Whiteman D, et al. Most common ’sporadic’ cancers have a
significant germline genetic component. Hum Mol Genet 2014;23:6112–8.

[47] Weinberg RA. Coming full circle—from endless complexity to simplicity and
back again. Cell 2014;157:267–71.

[48] Heng HH. Debating cancer: the paradox in cancer research. Singapore: World
Scientific; 2015.

[49] Baker SG. A cancer theory kerfuffle can lead to new lines of research. J Natl
Cancer Inst 2015;107. dju405.

[50] Ledford H. End of cancer atlas prompts rethink: geneticists debate whether
focus should shift from sequencing genomes to analysing function. Nature
2015;517:128–30.

[51] Hanselmann RG, Welter C. Origin of cancer: An information, energy, and
matter disease. Front Cell Develop Biol 2016;4:121.

[52] Duesberg P, Stindl R, Li R, Hehlmann R, Rasnick D. Aneuploidy versus gene
mutation as cause of cancer. Curr Sci 2001;81:490–500.

[53] Vyas S, Zaganjor E, Haigis M. Mitochondria and cancer. Cell
2016;166:555–66.

[54] Warburg O. On the origin of cancer cells. Science 1956;123:309–14.
[55] Baffou G, Rigneault H, Marguet D, Jullien L. A critique of methods for

temperature imaging in single cells. Nat Methods 2014;11:899–901.
[56] Kiyonaka S, Sakaguchi R, Hamachi I, Morii T, Yoshizaki T, Mori Y. Validating

subcellular thermal changes revealed by fluorescent thermosensors. Nat
Methods 2015;12:801–2.

[57] Suzuki M, Zeeb V, Arai S, Oyama K, Ishimata S. The 105 gap issue between
calculation and measurement in single-cell thermometry. Nat Methods
2015;12. 802-803.

[58] Baffou G, Rigneault H, Marguet D, Jullien L. Reply to. Nat Methods
2015;12:803.

[59] Bai T, Gu N. Micro/nanoscale thermometry for cellular thermal sensing. Small
2016;12:4590–610.

[60] Okabe K, Inada N, Gota C, Harada Y, Funatsu T, Uchiyama S. Intracellular
temperature mapping with a fluorescent polymeric thermometer and
fluorescence lifetime imaging microscopy. Nature Commun 2012;3:705.

[61] Wang L, Li B. Phononics gets hot. Phys World 2008;21:27–9.
[62] Li N, Ren J, Wang L, Zhang G, Hänggi P, Li B. Colloquium: Phononics:

manipulating heat flow with electronic analogs and beyond. Rev Mod Phys
2012;84:1045–66.

[63] Gautherie M, Gros CM. Breast thermography and cancer risk prediction.
Cancer 1980;45:51–6.

[64] Etehadtavakol M, Ng EY. Breast thermography as a potential non-contact
method in the early detection of cancer: a review. J Mech Med Biol
2013;13:1330001.

[65] Fletcher O, Houlston RS. Architecture of inherited susceptibility to common
cancer. Nat Rev Cancer 2010;10:353–61.

[66] Dudbridge F. Polygenic epidemiology. Genet Epidemiol 2016;40:268–72.
[67] Yang J, Benyamin B, McEvoy BP, et al. Common SNPs explain a large

proportion of the heritability for human height. Nat Genet 2010;42:565–9.
[68] Schadt EE. Molecular networks as sensors and drivers of common human

diseases. Nature 2009;461:218–23.
[69] Wallace DC. Bioenergetics in human evolution and disease: implications for

the origins of biological complexity and the missing genetic variation of
common diseases. Biological Sciences: Philosophical Transactions of the
Royal Society B; 2013. p. 368.

[70] Gönczy P. Centrosomes and cancer: revisiting a long-standing relationship.
Nat Rev Cancer 2015;15:639–52.

[71] Brinkley BR. Microtubule organizing centers. Annu Rev Cell Biol
1985;1:145–72.

[72] Kong Q. Cell brain abnormalities in cancer development. Med Hypotheses
2003;61:120–5.

[73] Lawrence E, Boucher E, Mandato C. Mitochondria-cytoskeleton associations
in mammalian cytokinesis. Cell Division 2016;11:1.

[74] Sheffer M, Bacolod MD, Zuk O, et al. Association of survival and disease
progression with chromosomal instability: a genomic exploration of
colorectal cancer. Proc Natl Acad Sci USA 2009;106:7131–6.

[75] Karu TI. Mitochondrial signaling in mammalian cells activated by red and
near-IR radiation. Photochem Photobiol 2008;84:1091–9.

[76] Mishra P, Chan DC. Metabolic regulation of mitochondrial dynamics. J Cell
Biol 2016;212:379–87.

[77] Henstridge DC, Whitham M, Febbraio MA. Chaperoning to the metabolic
party: the emerging therapeutic role of heat-shock proteins in obesity and
type 2 diabetes. Mol Metab 2014;3:781–93.

http://refhub.elsevier.com/S0306-9877(16)31024-6/h0015
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0015
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0020
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0020
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0025
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0025
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0025
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0030
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0030
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0030
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0035
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0035
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0040
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0040
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0040
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0045
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0045
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0050
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0050
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0055
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0055
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0060
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0060
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0060
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0065
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0065
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0065
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0070
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0070
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0075
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0075
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0080
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0080
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0080
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0085
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0085
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0090
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0090
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0095
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0095
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0100
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0100
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0105
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0105
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0110
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0110
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0110
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0115
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0115
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0120
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0120
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0120
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0120
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0125
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0125
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0125
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0130
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0130
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0130
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0135
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0135
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0135
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0140
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0140
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0145
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0145
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0150
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0150
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0150
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0155
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0155
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0155
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0160
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0160
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0165
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0170
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0170
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0170
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0175
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0175
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0180
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0180
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0185
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0185
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0190
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0190
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0195
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0195
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0200
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0200
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0205
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0205
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0215
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0215
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0220
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0220
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0225
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0225
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0225
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0230
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0230
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0235
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0235
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0240
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0240
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0245
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0245
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0250
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0250
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0250
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0255
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0255
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0260
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0260
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0265
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0265
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0270
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0275
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0275
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0280
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0280
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0280
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0285
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0285
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0285
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0285
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0290
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0290
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0295
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0295
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0300
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0300
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0300
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0305
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0310
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0310
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0310
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0315
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0315
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0320
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0320
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0320
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0325
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0325
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0330
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0335
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0335
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0340
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0340
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0345
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0345
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0345
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0345
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0350
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0350
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0355
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0355
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0360
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0360
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0365
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0365
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0370
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0370
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0370
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0375
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0375
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0380
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0380
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0385
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0385
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0385


A.W.J. Muller /Medical Hypotheses 104 (2017) 104–115 115
[78] Ritossa F. A new puffing pattern induced by temperature shock and DNP in
drosophila. Cell Mol Life Sci 1962;18:571–3.

[79] Santagata S, Mendillo ML, Tang YC, et al. Tight coordination of protein
translation and HSF1 activation supports the anabolic malignant state.
Science 2013;341:1238303.

[80] Bromberg Z, Weiss Y. The role of the membrane-initiated Heat Shock
Response in cancer. Front Mol Biosci 2016;3.

[81] Toivola DM, Strnad P, Habtezion A, Omary MB. Intermediate filaments take
the heat as stress proteins. Trends Cell Biol 2010;20:79–91.

[82] Krajewski SS, Narberhaus F. Temperature-driven differential gene expression
by RNA thermosensors. Biochim Biophys Acta Gene Regul Mech
2014;1839:978–88.

[83] Kumar SV, Wigge PA. H2A.Z-containing nucleosomes mediate the
thermosensory response in Arabidopsis. Cell 2010;140:136–47.

[84] Atsumi T, Singh R, Sabharwal L, et al. Inflammation amplifier, a new paradigm
in cancer biology. Cancer Res 2014;74:8–14.

[85] Iliopoulos D, Hirsch HA, Struhl K. An epigenetic switch involving NF-jB, lin28,
let-7 microRNA, and IL6 links inflammation to cell transformation. Cell
2009;139:693–706.

[86] Iliopoulos D, Jaeger SA, Hirsch HA, Bulyk ML, Struhl K. STAT3 activation of
miR-21 and miR-181b-1 via PTEN and CYLD are part of the epigenetic switch
linking inflammation to cancer. Mol Cell 2010;39:493–506.

[87] Yu D, Waterland RA, Zhang P, et al. Targeted p16 Ink4a epimutation causes
tumorigenesis and reduces survival in mice. J Clin Invest 2014;124:3708–12.

[88] Fleming JD, Giresi PG, Lindahl-Allen M, Krall EB, Lieb JD, Struhl K. STAT3 acts
through pre-existing nucleosome-depleted regions bound by FOS during an
epigenetic switch linking inflammation to cancer. Epigenet Chromatin
2015;8:7.

[89] Lippitz BE, Harris RA. Cytokine patterns in cancer patients: A review of the
correlation between interleukin 6 and prognosis. OncoImmunology 2016;5:
e1093722.

[90] Cairns RA. Drivers of the Warburg phenotype. Cancer J 2015;21:56–61.
[91] Villalobo A, Lehninger AL. The proton stoichiometry of electron transport in

Ehrlich ascites tumor mitochondria. J Biol Chem 1979;254:4352–8.
[92] Donadelli M, Dando I, Dalla Pozza E, Palmieri M. Mitochondrial uncoupling

protein 2 and pancreatic cancer: A new potential target therapy. World J
Gastroenterol 2015;21:3232–8.

[93] Lawson RN, Chughtai M. Breast cancer and body temperature. Can Med Assoc
J 1963;88:68–70.
[94] Monti M. Application of microcalorimetry to the study of living cells in the
medical field. Thermochim Acta 1990;172:53–60.

[95] Argiles JM, Busquets S, Stemmler B, Lopez-Soriano F. Cancer cachexia:
understanding the molecular basis. Nat Rev Cancer 2014;14:754–62.

[96] Karnebogen M, Singer D, Kallerhoff M, Ringert R. Microcalorimetric
investigations on isolated tumorous and non-tumorous tissue samples.
Thermochim Acta 1993;229:147–55.

[97] Van Wijk R, Souren J, Schamhart D, van Miltenburg J. Comparative studies of
the heat production of different rat hepatoma cells in culture. Cancer Res
1984;44:671–3.

[98] Chen H, He X. The convergent cancer evolution toward a single cellular
destination. Mol Biol Evol 2016;33:4–12.

[99] Pontzer H, Durazo-Arvizu R, Dugas L, et al. Constrained total energy
expenditure and metabolic adaptation to physical activity in adult humans.
Curr Biol 2016;26:410–7.

[100] Nguyen TYV, Batterham MJ, Edwards C. Comparison of resting energy
expenditure between cancer subjects and healthy controls: a meta-
Analysis. Nutr Cancer 2016;68:1–14.

[101] Wang XS, Zhao F, Fisch MJ, et al. Prevalence and characteristics of moderate
to severe fatigue: a multicenter study in cancer patients and survivors.
Cancer 2014;120:425–32.

[102] Sear R, Steele F, McGregor IA, Mace R. The effects of kin on child mortality in
rural Gambia. Demography 2002;39:43–63.

[103] de Visser KE, Eichten A, Coussens LM. Paradoxical roles of the immune
system during cancer development. Nat Rev Cancer 2006;6:24–37.

[104] Zhao CM, Hayakawa Y, Kodama Y, et al. Denervation suppresses gastric
tumorigenesis. Sci Transl Med 2014;6. 250ra115.

[105] Pianka ER. On r-and K-selection. Am Nat 1970;104:592–7.
[106] McCarthy MI, Abecasis GR, Cardon LR, et al. Genome-wide association studies

for complex traits: consensus, uncertainty and challenges. Nat Rev Genet
2008;9:356–69.

[107] Manolio TA, Collins FS, Cox NJ, et al. Finding the missing heritability of
complex diseases. Nature 2009;461:747–53.

[108] Hindorff LA, Gillanders EM, Manolio TA. Genetic architecture of cancer and
other complex diseases: lessons learned and future directions.
Carcinogenesis 2011;32:945–54.

[109] Skulachev VP. Mitochondrial filaments and clusters as intracellular power-
transmitting cables. Trends Biochem Sci 2001;26:23–9.

http://refhub.elsevier.com/S0306-9877(16)31024-6/h0390
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0390
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0395
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0395
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0395
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0400
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0400
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0405
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0405
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0410
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0410
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0410
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0415
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0415
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0420
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0420
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0425
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0425
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0425
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0430
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0430
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0430
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0435
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0435
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0435
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0440
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0440
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0440
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0440
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0445
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0445
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0445
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0450
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0455
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0455
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0460
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0460
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0460
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0465
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0465
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0470
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0470
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0475
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0475
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0480
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0480
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0480
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0485
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0485
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0485
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0490
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0490
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0495
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0495
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0495
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0500
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0500
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0500
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0505
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0505
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0505
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0510
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0510
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0515
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0515
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0520
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0520
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0525
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0530
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0530
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0530
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0535
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0535
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0540
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0540
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0540
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0545
http://refhub.elsevier.com/S0306-9877(16)31024-6/h0545

	Cancer is an adaptation that selects in animals against energy dissipation
	Introduction
	Why cancer remains extant during evolution
	The somatic mutation theory
	The posited role of intracellular thermal gradients
	The thermal thread during cancer’s progression
	Tumours are organs that implement thermogenesis
	Discussion
	Conflict of interests
	Funding
	Acknowledgements
	References


