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Evolution of transmissible
cancers: An adaptive, plastic strategy
of selfish genetic elements?

Q1 Hudson Kern Reeve' and David W. Pfennig®*

SUMMARY

A growing number of studies have applied evolutionary and ecological principles to understanding cancer.
However, few such studies have examined whether phenotypic plasticity—the ability of a single individual
or genome to respond differently to different environmental circumstances——can impact the origin and
spread of cancer. Here, we propose the adaptive horizontal transmission hypothesis to explain how flex-
ible decision-making by selfish genetic elements can cause them to spread from the genome of their orig-
inal host into the genomes of other hosts through the evolution of transmissible cancers. Specifically, we
hypothesize that such cancers appear when the likelihood of successful vertical transmission is sufficiently
low relative to the likelihood of successful horizontal transmission. We develop an evolutionary optimiza-
tion model of this hypothesis, highlight empirical findings that support it, and offer suggestions for future
research. Generally, phenotypically plastic selfish genetic elements might play an important role in the
evolution of transmissible cancers.

Q3 Q2 Q5 INTRODUCTION

In his Pulitzer Prize-winning book, Siddhartha Mukherjee
all major diseases, none is dreaded more than cancer for the simple reason that it is among the most challenging diseases to prevent and
treat. Cancer is a large group of diseases that involve abnormal cell growth with the potential to spread to other parts of the body. Because
cancers entail the proliferation of cells that are an integral part of their host's body, they are difficult to eradicate without damaging the host.
Not surprisingly, cancers are responsible for a significant fraction of deaths (approximately 16% of human deaths worldwide or roughly 10
million deaths annually?). Notably, the cancer burden continues to grow.

Cancers are not restricted to humans. Among animals, cancers have been observed in all groups of vertebrates and many invertebrates.”
Cancer-like phenomena have even been documented in fungi and plants, although they appear to be less lethal in plants than in animals.® In
short, cancers and related phenomena occur across the Tree of Life.

Researchers have increasingly applied ecological and evolutionary principles to understand cancer’s evolution, prevention, and treatment
(e.g. ). Critically, these principles have helped explain why cancers are so difficult to prevent and treat: Cancers are driven by the simple
logic of natural selection, which favors entities that best propagate their distinctive characteristics into the next generation. Thus, selection
among cell lines within a host organism can favor a line that pursues short-term proliferation into the next generation of cells at the expense of
other lines.” Essentially, cancer’s evolution is a testament to the power of natural selection.

At the same time, these evolutionary principles help explain the limits of cancer. Evolutionary theory predicts that differential over-repli-
cation by cell lines within an organism should be disfavored by selection acting at the level of the host organism. Because hosts with cancerous
cells will generally reproduce less (owing to the harmful effects of cancer), cancer cells should have fewer opportunities than non-cancer cells
to leave descendants in the next host generation. Indeed, the fact that cancer frequently causes the death of the host has led many to regard it
as an evolutionary “dead end”.”'” According to this perspective, cancer is best thought of as somatic cells evolving within one organismal
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generation.

Yet, this perspective ignores the possibility that cancer cells (or [oncolgenes that trigger them) might spread infectiously from their original
host organism to a new host.”"'~"> The existence of such “transmissible cancers” expands the scope for selection to favor the evolution of
cancer. Their existence even raises the possibility that cancer can be regarded as an adaptive strategy by “renegade” cells or genes.

Here, we develop these ideas to explain the evolution of transmissible cancers. We propose that flexible decision-making by “selfish” ge-
netic elements (which we describe below) can cause these elements to spread from the genome of their original host into the genomes of
other hosts through the evolution of transmissible cancers. We develop an evolutionary optimization model of this hypothesis, highlight
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empirical findings that provide preliminary support, and offer suggestions for future research. In doing so, we do not intend to provide an
exhaustive literature review of our model’s predictions. Instead, we aim to put forth a new idea in the hope that it will motivate tests of these
predictions. But before outlining our model, we discuss its underlying premises and the evidence supporting each premise.

PREMISES OF OUR MODEL

Our hypothesis is based on three underlying premises. These are: (1) cancers can spread infectiously, (2) genes can be selfish, and (3) genes
can be plastic. Below, we explain and justify each premise.

Premise #1: Cancers can spread infectiously

Although it is generally thought that the one redeeming feature of cancer is that it dies with its host, increasing evidence suggests that cancer
can sometimes spread infectiously from its original host to a new host. This can occur through two main routes (Figure 1). First, and by far the
more common of the two routes, cancer can be transmitted from one host individual to another through a vector, such as a virus (Figure 1A).
For example, nearly all cervical cancers in humans are caused by certain strains of human papillomaviruses (HPVs), which are transmitted
through sexual contact. When someone is infected with oncogenic types of HPV, the virus can transform normal cells in the new host into
cancerous cells. Indeed, DNA from oncogenic HPV has since been found in almost all cervical cancer biopsies.'® Other viruses with oncogenic
properties include adenovirus, herpesvirus, Epstein-Barr virus (EBV), and Rous sarcoma virus (RSV)."

The mechanism by which a virus transforms normal cells into cancerous cells appears to vary from one virus to another.'” For example, in
the case of HPV and RSV, the virus contains oncogenes that trigger cancer in the new host. In the case of EBV, the virus causes the proliferation
of lymphoid cells that eventually remodel their genome so that the expression of the c-myc gene—a "master regulator” of cellular metabolism
and proliferation'®—becomes aberrantly high, transforming it into an oncogene. Although such viral-caused cancers are thought to account
for a minority of all cancers (it is estimated that only 10-15% of cancers in humans are caused by viruses'’), this is likely a conservative estimate
when one considers that viral-caused cancers are hard to detect. Yet, for the reasons we describe below, such transmission might be more
frequent than is currently recognized.

In the first route described above, genetic material that causes cancer—not actual cancer cells themselves—is transmitted from one host to
another. However, an alternative route occurs when cancer cells spread contagiously from the original host to a new host (Figure 1B).%'"='17
Such transmissible cancers have persisted for centuries and even millennia in natural populations of eight different species'>: two mam-
mals'??%?? and six species of bivalves.”® Here, we discuss transmissible cancers in mammals, which are the best studied.

The oldest known example of transmissible cancer occurs in dogs (Canis lupus familiaris). Canine transmissible venereal tumor (CTVT) is
believed to have evolved from a single cell about 11,000 years ago and has been circulating in dogs since.'#**?" As its name implies, it is
spread by sexual intercourse. Dogs may be especially prone to transmissible cancers. Because they remain locked in sexual intercourse
for half an hour or longer (often resulting in torn tissues), cancer cells have an extended opportunity to travel between hosts.'*?*

Two transmissible cancers have been found in Tasmanian devils (Sarcophilus harrisii). Devil's facial tumors (DFT1 and DFT2) spread around
the face and are often fatal.”” Indeed, these tumors have nearly driven devils extinct.”>?® DFT1 is thought to have originated in a single in-
dividual in the mid-1990s; DFT2 evolved more recently.

Devils may be vulnerable to transmissible cancers for at least two reasons. First, devils often bite each other, providing a path for cells to
travel from one host to another. Second, devils are so genetically similar that a cancer cell injected from a cancerous individual into another
individual might not be detected and destroyed by the second individual’s immune system. A foreign cell is typically rejected through a ver-
tebrate’s self/nonself recognition immune system, as mediated by the major histocompatibility complex (MHC). However, extreme climatic
events throughout the devil's evolutionary history severely reduced wild populations, leading to bottlenecking and low MHC diversity.'? The
idea that low host genetic diversity can favor transmissible cancers is supported by experiments in which a sarcoma was transmitted between
inbred Syrian hamsters.”’

In addition to these four naturally occurring transmissible cancers (CTVT in dogs, DFT1 and DFT2 in Tasmanian devils, and clam leukemia in
bivalves), transmissible cancers might also occur in humans through at least three routes. First, cancers might be transmitted across individuals
through the placenta, which is a highly permissive organ. Indeed, cancer cell transmission has been documented to occur through the
placenta from mother to fetus.?*?? In some cases, the infected child has survived to sexual maturity,”’ suggesting mother-to-fetal transmission
could be an effective strategy for a cancer-causing genetic element to spread from one host to another. More generally, there are numerous
instances of “microchimerism” in which cells from one individual cross the placenta and colonize another individual’s body. For example, fetal
cells have been found to stay in the mother’s body (and vice versa) decades after birth.>° Second, human choriocarcinomas are another
example of a transmissible cancer.’’ Most are derived from trophoblastic cells of the conceptus (the embryo in the uterus) that invade
and become metastatic in the maternal body. Third, an exogenous cancer-causing retrovirus might be passed from mother to offspring
via breastmilk (the transmission of viruses from mother to offspring has been documented through breastfeeding®). All three routes could
provide a pathway for transmissible cancers in humans and other placental mammals.

Given that so few transmissible cancers have been documented, this raises an important question: Are transmissible cancers rare, or are
they relatively common but researchers have simply failed to detect them? Some have argued that transmissible cancers—especially those
that involve the actual transfer of cancerous cells across hosts—are rare because they require a “perfect storm” of factors to come together."
Such factors include tumor tissue properties that promote the shedding of large numbers of malignant cells, tumor cell plasticity that permits
their survival in a new host, and host behavior and genetics that render new hosts susceptible to invading cancer cells.® The infrequent
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A Non-cell-transmission cancers

B  Cell-transmission cancers

Figure 1. Two routes by which selfish genetic elements can spread through transmissible cancers

(A) First, a selfish genetic element might spread from its host's genome to a new host's genome via non-cell-transmission cancers. In this route, a selfish genetic
element that triggers the proliferation of its host cell increases its copy number in tumors. This, in turn, enhances the likelihood that the genetic element will be
picked up by a vector (e.g., a bacterium or virus) capable of infecting another host of the same or different species. This could eventually lead to the integration of
the genetic element into the new host's genome.

(B) Alternatively, selfish genetic elements might spread from their host's genome to a new host’s genome via cell-transmission cancers, where cancer cells move
from the previous host to new hosts through direct contact between hosts.

confluence of such tumor and host traits might explain the rarity of transmissible cancers. It is also possible that cancers with the potential to
become contagious are often so lethal that they have few, if any, opportunities to spread to new hosts before the original host dies.
Alternatively, transmissible cancers might be more common than currently recognized, and researchers have failed to detect them, for at
least two reasons. First, such cancers are likely hard to detect, especially in natural populations. Second, researchers might have devoted little
effort to looking for transmissible cancers because plausible theoretical arguments for why such cancers should evolve have been lacking.

Premise #2: Genes can be selfish

Darwin conceived natural selection as a “struggle for life” between organisms®* P- ¢ According to Darwin, if individuals differ in their char-
acteristics, and if this variation is associated with differential fitness (meaning some individuals produce more offspring because of their
distinctive characteristics), then those individuals will experience natural selection—the nonrandom, differential survival or reproduction of
individuals that differ in their characteristics. Furthermore, if these characteristics can be passed to offspring, the population will evolve by
natural selection.

Starting in the 1960s, however, some evolutionary biologists began to ask if individual organisms are the only biological entity on which
selection can act and promote adaptations.*"* This reframing of how natural selection works was based on the observation that multicellular
organisms consist of a nested hierarchy of levels of biological organization: genes in cells, cells in organisms, organisms in groups, and so on.
In principle, any collection of “entities” (e.g., genes or cells) that exhibit variation, differential fitness, and heritability should be capable of
undergoing evolution by natural selection; that is, they should be capable of serving as a “unit” or “level” of selection.**™*' Here, we focus
on genes as a level of selection.

The most compelling evidence that genes can serve as a level of selection comes from the occurrence of “selfish genetic elements”.*
Selfish genetic elements are pieces of DNA that enhance their transmission relative to the rest of the genome and even their host organism.
Note that in describing these elements, we follow convention and use the word “selfish” to emphasize that the phenotypic effects of these
elements enhance their own propagation in the genome.***** This gives the appearance that these genetic elements are “behaving” to
maximize their transmission at the expense of other elements.>***** Nevertheless, it is important to keep in mind that phrases such as “selfish
genetic elements,” "adaptive strategy,” and similar phrases are metaphors (as, indeed, is the phrase “natural selection”). Moreover, we refer
to these DNA sequences as “elements” —and not genes— because they may not be actual genes. For example, they may be transposable
elements.

As it turns out, all genomes—most especially those of sexually reproducing species—are vulnerable to such elements.”*’ Indeed, selfish
genetic elements have been documented in all major taxonomic groups, from bacteria and fungi to plants and animals.***® One of the main
ways selfish genetic elements promote their transmission is through a process known as “meiotic drive.” With meiotic drive, genetic elements
subvert the mechanisms of proper segregation during meiosis to obtain greater than Mendelian transmission at the expense of their
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homologs."? We emphasize that these genetic elements enhance their transmission during meiosis not by encoding useful traits for their host
but by simply performing actions that violate the rules of normal Mendelian segregation in which all alleles are equally likely to end up in the
pool of gametes. These actions include: (1) increasing the speed with which cells containing the element divide during gamete formation, (2)
producing toxins that kill any gamete cells not containing the element, and (3) ensuring that the element ends up in an egg cell and not a polar
body, which generally cannot be fertilized.”® Regardless of the precise mechanism, the result of these actions is to increase the frequency of
the selfish genetic element in the gamete pool.

Premise #3: Genes can be plastic

Finally, genes can be “plastic”, meaning they can be expressed conditionally. Although “phenotypic plasticity” —the ability to respond differ-
ently to different environmental circumstances— is generally regarded as a property of individual organisms,”®>* many genes can respond
differently to different environmental circumstances the same way many organisms can. Indeed, the fact that genes can be expressed only
under certain circumstances forms the basis for our modern understanding of development.>® For instance, the production of different cell
types within a multicellular organism—skin cells, blood cells, etc.—and their organization into tissues and organs involves differential gene
expression. Thus, the genes in skin cells are the same as those in the blood precursor cells. What makes these two types of cells different are
the genes that are activated (i.e., expressed). The mechanisms involved in such differential gene expression are well established”® and involve
genes responding to signals from outside the genome.”®

However, genes are capable of more complex conditional strategies than merely generating different cell types.** This fact forms the basis
of Haig's “strategic gene” framework, ">’ which holds that some genes can facultatively alter their expression to increase their chances of
being transmitted to the next generation given their current circumstances. A compelling example comes from Haig's work on “genomic
imprinting.” Although most genes are expressed similarly whether they are inherited from the mother or the father, imprinted genes are ex-
pressed differently depending on whether they are maternally derived or paternally derived. Epigenetic processes, such as DNA methylation
and histone modification, mediate such genomic imprinting. These epigenetic marks are established (“imprinted”) in the germline of the par-
ents and are then maintained through mitotic cell divisions in the somatic cells of the offspring.*”

Haig et al. suggested that genomic imprinting evolves from parent-offspring conflict.®” In many species (such as mice), a female mates with
several males during her lifetime. This means a maternally derived gene in any of the female’s offspring is more likely to have copies in future
offspring (because the mother remains the same) than a paternally derived gene (because different offspring from the same female might
have different fathers). Thus, genomic imprinting would be favored to allow paternally derived genes to demand more resources from the
mother than maternally derived genes in the same offspring.

Support for this idea comes from studies of two antagonistic genes in mice.”’ One gene, insulin-like growth factor 2 (Igf2), is paternally
imprinted, meaning it is expressed only when inherited from the father (it is silent when inherited from the mother). This gene encodes
IGF-Il, an insulin-like polypeptide that helps extract resources from the mother during pregnancy. Opposing the effects of Igf2 is a maternally
imprinted gene, insulin-like growth factor 2 receptor (Igf2r). This gene encodes a receptor that degrades the product of Igf2, minimizing the
resource extraction from the pregnant mother. Therefore, these two genes are in a “tug-of-war,” with Igf2 working to extract resources from
the mother and Igf2r resisting this extra investment and saving resources for the female’s future offspring.®’ The existence of genomic
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imprinting suggests that genes can use flexible “decision-making” to maximize their transmission in the gene pool. Such adaptively flexible
gene expression appears to be widespread.®***

Having outlined our premises, we now turn to our hypothesis for the evolution of transmissible cancers, which we have dubbed the “adap-
tive horizontal transmission hypothesis”.

THE ADAPTIVE HORIZONTAL TRANSMISSION HYPOTHESIS

Traditionally, cancer has been regarded as a maladaptive breakdown of cell division regulation in multicellular organisms; i.e., the breakdown
is simply a physiological machinery failure, often later in life due to the accumulation of mutations in genes regulating cell division.' According
to this view, which we label as the null model, cancer is not caused by any entity whose long-term reproductive interests are advanced by
runaway cell division. In the null model, the only evolutionary process is simply some version of somatic evolution occurring within an individ-
ual, as in the population analogy (e.g.,*“° but see®).

However, a neglected (and untested) possibility is that cancer reflects an adaptive and phenotypically plastic strategy employed by selfish
entities, i.e., selfish genetic elements residing within tumor cells (Figure 2). For example, runaway cell division leading to tumor formation may
be caused by a selfish genetic element that is sometimes favored to invest in its horizontal transmission to the genomes of other organisms via
bacterial or viral vectors, as opposed to vertical transmission through the offspring of the host organism in which it resides. Such horizontal
transmission might be promoted through tumor formation. Tumors dramatically increase the number of cells containing the selfish element,
thereby increasing the element’s chance of being picked up by bacterial or viral vectors and ultimately transmitted to the genomes of the
same or other organisms. Such a strategy optimally would be phenotypically plastic: the selfish element most favored would be one that
conditionally triggers cancer only when its likelihood of successful vertical transmission is sufficiently low relative to the likelihood of successful
horizontal transmission.

We propose that the latter theoretical idea, which we call the “adaptive horizontal transmission hypothesis” (developed in an evolutionary
optimization model below), could apply broadly to both the evolution of 1 cell-transmission (CT) cancers, in which it is cancer cells (the latter
containing the selfish genetic elements promoting the cancer) that are being transmitted from one organism to another in horizontal
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Same cell in different environments
(e.g., in the same body but at different times)

Figure 2. Flexible decision-making by selfish genetic elements can cause them to spread through the evolution of transmissible cancers

When vertical transmission of the selfish genetic element becomes unlikely, a selfish genetic element causes a normal cell to become cancerous. Through such
plastically induced cancer, the element increases its chances of being spread horizontally from the genome of the original host into that of a new host through a
transmissible cancer.

transmission (these conform to the classic case of transmissible cancers described above), and (2) non-cell-transmission (NCT) cancers, in
which it is the selfish genetic elements that are postulated to be moving via bacterial or viral vectors from the genome of their original multi-
cellular host into genomes of other hosts of the same or different species. (An interesting but untested possibility with features both of CT and
NTC cancers is that horizontal transmission might occur if shed host cells containing a virus are picked up by another host with subsequent
transfer of the virus into the other host's cells.)

Increasing evidence suggests that many, if not most, cancers are driven by the accumulation of mutations in long-lived stem cells that
replenish tissues after the earlier stem cells differentiated into the organism’s original tissues during development.®”® Our model could
be seen as applying to flexible decision-making by selfish genetic elements in stem cells, both the stem cells responsible for the original con-
struction of organismal tissues and the leftover stem cells that replenish such tissues later in an organism'’s lifetime (the latter being particularly
susceptible to cancer origination).

Cell-transmission (CT) cancers
In CT cancers, cancer cells move from the previous host to new hosts through direct contact between hosts (Figure 1B). In these cases, the
selfish genetic elements causing the cancers are triggering the proliferation of copies of themselves in tumors, and cancerous cells in these
tumors are known to move into new hosts via direct contact (as described above). Such cancers are characteristically highly transmissible.
Such selfish genetic elements face the decision of how much to invest in horizontal transmission to another host versus vertical transmission
to the host's offspring. There is a clear trade-off in the decision: Investment in horizontal transmission is likely to come at the expense of the
likelihood of successful vertical transmission because tumor formation is likely to impair the host's ability to produce future offspring (which
may be potential new hosts for the cancer cells through direct transmission; e.g., see”)
model of optimal investment in horizontal versus vertical transmission below.

. This trade-off is a central feature of our evolutionary

Non-cell transmission (NCT) cancers
In the much more prevalent NCT cancers, the selfish genetic elementis notin a cancer cell that is directly transmitted to another host but in the
original host's genome itself (Figure 1A). In this case, we propose that the selfish genetic element triggering the proliferation of the host cell
containing it increases its copy number in tumors. The latter increase in copies exposed to the environment increases the chance that the
selfish genetic element will be picked up from some vector (e.g., a bacterium or virus) capable of infecting another host of the same or
different species (even after the death of the host, during bacterial decomposition), leading eventually to the integration of the selfish genetic
element into the genome of the new host. Importantly, bacteria are known to acquire DNA from external sources, including environmental
DNA through transformation and directly from other cells through conjugation.®” Both sources provide a potential mechanism for bacteria to
acquire selfish genetic elements predisposing tumor formation. In addition, growing evidence shows that bacteria can transfer their DNA to
eukaryotes.”®

According to our proposed hypothesis, NCT cancers are transmitted to other hosts, but such transmission would be slower and much less
easily detected than in the case of CT cancers. A possible exception to the latter is in the interesting case of HPV cancers, in which the HPV
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virus infects new hosts through sexual contact. Genes from the HPV virus subsequently become integrated into the host genome and produce
proteins that cause (1) genomic instability (enhanced mutability) of the host genes, increasing the chance that host genes affecting the regu-
lation of cell division will be disrupted in their actions leading to runaway cell division; and (2) production of new virions within host cells.”’
Thus, the putative selfish genetic element in HPV both causes tumor formation and production of new virions capable of infecting new hosts
through sexual contact, leading to rates of infection much higher than is observable for other NCT cancers. The result is that HPV cancers are
much more frequently observed to be transmissible than are other NTC cancers in which the putative selfish genetic elements aren’t asso-
ciated with linked genes encoding the vectors for their horizontal transmission.

The idea that widespread tumor formation in NCT cancers reflects adaptive investment of selfish genetic elements in horizontal versus
vertical transmission hinges critically on the plausibility of the notion that such elements have some mechanism for ‘tracking’ the likelihood
of their hosts engaging in vertical transmission through reproduction in the future. We can envision four theoretical mechanisms by which this
could plausibly occur.

First, such a genetic element capable of triggering runaway cell division could be closely linked to mutable stretches of DNA that regulate
the expression of the selfish genetic element. When a certain number of mutations accumulate in the latter linked mutable region, the expres-
sion of the selfish element could be dramatically increased. Since the number of accumulated mutations should be higher in older host or-
ganisms, this provides a simple mechanism for selfish elements to “assess” cues associated with host age and, thus, the likelihood of its own
vertical transmission.

Second, the putative selfish genetic element may be sensitive to the activity of distant genetic regulators, either in the same cell in which it
resides or in different cells. When a sufficient number of mutations accumulate in these regulators, the selfish genetic element responds by
triggering tumor formation.

Third, the selfish genetic element may itself enhance the mutation propensity in host genes that control cell division. Over time, enough
mutations accumulate in the latter host genes to trigger runaway cell division and tumor formation. In this way, the selfish element can effec-
tively increase its copy number in tumor cells, again causing tumor formation with a higher probability in older hosts with a reduced likelihood
of vertical transmission. These tumors will be enriched in selfish genetic elements. There is evidence that the third mechanism might operate
in HPV-related cancers, in which HPV DNA integrated into the host genome produces proteins (E6 and E7) that augment host genomic
instability.”?

Finally, the putative selfish genetic element may be sensitive to the levels of circulating hormones associated with age and reproductive
state. This mechanism seems plausible, given that many genes are sensitive to the presence of hormones. Indeed, many hormones work by
activating transcription factors, which in turn help initiate gene expression.

As in the case of CT cancers, selfish genetic elements in NCT cancers face the decision of how much to invest in horizontal transmission to
another host via tumor formation versus vertical (genetic) transmission through the host's offspring (non-genetic transmission, e.g., transmis-
sion of an exogenous virus through the placenta’” is not considered). Note that this decision by a selfish genetic element assumes that the
latter is in the genome of a multicellular host, since the tumor-initiating option requires multicellularity. In contrast, a selfish genetic element in
a viral genome lacks a tumor-formation option and is forced to invest only in the production of replicate virions, which then infect other hosts
(or perhaps other cells within the original host). This means that viral selfish genetic elements invest everything in “offspring” production, but
these offspring must be transmitted to other hosts. In the latter case, the distinction between vertical and horizontal transmission disappears.
For this reason, we make it clear that our adaptive horizontal transmission hypothesis assumes that the selfish genetic element making the
decision resides at least initially in a multicellular host.

There is a clear trade-off in the decision to invest in vertical versus horizontal transmission for a selfish genetic element that is in the genome
of a multicellular host: Investment in horizontal transmission is likely to come profoundly at the expense of the likelihood of successful vertical
transmission because tumor formation is likely to impair the host's future ability to produce offspring. This trade-off is a central feature of our
evolutionary model of optimal investment in horizontal versus vertical transmission, as detailed below.

AN EVOLUTIONARY OPTIMIZATION MODEL OF INVESTMENT IN HORIZONTAL VERSUS VERTICAL TRANSMISSION

We present a simple evolutionary optimization model of how much a selfish genetic element should invest in its horizontal versus its vertical
transmission by appropriately altering host physiology, with such investment depending on such factors as the age and fecundity of the host in
which it resides (see Table 1 for a list and description of all model parameters.). The model predicts several known features of cancers. In
particular, cancers should be expressed more frequently in older adult host organisms since older organisms exhibit a declining probability
of vertical transmission. The model leads to several other testable predictions that may unveil some of the currently unexplained properties of
cancers.

The model is as follows. First, the probability of successful horizontal transmission for an infectious, cancer-causing pathogen is the prob-
ability that it will infect a new host who is not an offspring of the current host. The probability of horizontal transmission for a selfish genetic
element in the genome of a host is the probability that it will be transmitted to another host (not necessarily in the same species as the current
host) by being picked up by a vector such as a bacterium or virus and becoming integrated into the new host’'s genome. The probability of
successful vertical transmission for an infectious, cancer-causing pathogen is the probability that it will infect a new host who is an offspring of
the current host. The probability of successful vertical transmission for a selfish genetic element in the genome of a host is the probability that
it will be genetically transmitted to an offspring of the current host. We assume that a pathogen or genetic element’s investment in horizontal
transmission trades off with its success in vertical transmission (and vice versa).
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Table 1. Model variables and meanings

Variable Meaning
P Fraction of the total host resource that is allocated to horizontal transmission
kp, Intrinsic difficulty of horizontal transmission
ky, Intrinsic difficulty of vertical transmission

_ _P_ Probability of successful encounter with a vector capable of horizontal transmission

p+kp

ty Probability that an encountered vector successfully transmits the selfish element to another host
f, Probability that the focal selfish genetic element in a surviving host will successfully be transmitted to a host's offspring
W =t,h + f,v Overall fitness of the selfish genetic element

Let p = the proportional allocation of available host resources into physiological structures or actions (e.g., tumor formation) that promote
horizontal transmission of the selfish genetic element responsible for the cancer. In horizontal transmission, we assume that investment in
tumor formation specifically increases the probability of encountering vectors capable of horizontally transmitting the selfish genetic element.
Let 1— p be the proportional allocation of available host resources into the promotion of vertical transmission of the selfish genetic element/
pathogen, capturing the assumed trade-off between investments into horizontal versus vertical transmission. In vertical transmission, we as-
sume that the investment specifically increases the host’s survival and, in so doing, increases the expected number of future offsprings of
the host.

The probability h of a successful encounter with a vector capable of horizontal transmission is assumed to be equal to h = p%kw where kj, is a
constant that controls how fast the probability of exposure to a horizontally-transmitting vector rises with the fractional investment p in hor-
izontal transmission. Thus, as the fractional investment increases, the probability h of encountering a horizontally transmitting vector increases
monotonically with an upper asymptote of 1.0. Likewise, the probability of host survival (and thus, the likelihood of vertical transmission) v is

assumed to be equal to ﬁ, where k, is a constant that controls how fast the host's survival rises with increasing fractional investment 1-p

-p

in vertical transmission. The latter monotonically increases to an upper asymptote of 1.0. The constants k; can be thought of as the intrinsic
difficulty, due to constraints outside of the selfish element’s control, of increasing the probability of tactic success by increasing the fractional
allocation to tactic success. For example, k;, is a constant that will decrease as the availability of relevant vectors capable of horizontal trans-
mission increases. Similarly, k, is a constant that will increase as host mortality factors outside of the control of the selfish genetic element
become stronger.

The overall fitness W of the selfish genetic element/pathogen facing the decision is simply equal to

W =th+f,v (Equation 1)

In Equation 1, t, is the probability that the encountered vector successfully transmits the selfish element to another host, and f, is the prob-
ability that the focal selfish genetic element in a surviving host will be successfully be transmitted to a host's offspring.

A fitness maximizing intermediate optimal fractional investment p* in tactic 1 will satisfy %—‘;‘/ = 0for0 < p* <1. The formula for p*is compli-
cated, but when it is substituted into the probability of encounter with a vector capable of horizontal transmission (=h*), the resulting expres-
sion quickly yields some testable predictions. For example, after the latter substitution, it can be shown that

* (f )k, |
dh* / dt, = m>0 (Equation 2)
It follows from Equation 2 that the probability of encounter with a vector capable of horizontal transmission, given an optimal fractional
allocation to such transmission, will increase as t, increases. This occurs because as t, increases, the individual will increase its fractional allo-
cation to horizontal transmission, which automatically increases the observed probability of success in such transmission. It is empirically use-
ful to cast the prediction in this way, because probabilities of successful transmission can be much easier to measure (at least indirectly) than
are levels of fractional allocation.
Likewise, it can be shown that

(fv/ th) khkv

“rkrk) 0 (Equation 3)

dh* / df, =

It follows from Equation 3 that the probability of encounter with a vector capable of horizontal transmission, given an optimal fractional
allocation to such transmission, will decrease as f, increases. From Equations 2 and 3 together, it can be inferred that as the ratio tp/f,
increases, the observed probability of successful horizontal relative to that of vertical transmission should increase.
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Similarly, it can be shown that

V(O otk olik, - SRR

dh*/dky = — Knky (Equation 4)

2(1+ky+ l<v)2

The right-hand side of Equation 4 can be shown to be negative if h* >0. Thus, the probability of success of horizontal transmission, given an
optimal fractional allocation to such transmission, will decrease as kj, increases. In other words, the probability of success of horizontal trans-
mission, given an optimal fractional allocation to promote it, will decrease the greater the intrinsic difficulty of horizontal transmission. It fol-
lows that a reduced availability of horizontally transmitting vectors will reduce the investment in horizontal transmission.

Likewise, it can be shown that

\/('fv/th)(kv — kh — 1)kv
K +2I(1
dh' / dk, = ik, >0
2(1+kn+ky)

(Equation 5)

Thus, the probability of success of horizontal transmission, given an optimal fractional allocation to such transmission, will increase as the
intrinsic difficulty of vertical transmission, k,, increases.
The optimal fraction allocation to horizontal transmission, p*, will be greater than zero if

knk,
> 2
(1+k,)

Thus, at least some allocation to horizontal transmission is favored if the ratio ty/f, is sufficiently large to exceed the right side of Equation 6.
Similarly, the optimal fraction allocation to horizontal transmission, p*, is equal to 1 if

tn/ £, (Equation 6)

(1+kp)? .
(tn/ky) > Rk (Equation 7)

Thus, complete allocation to horizontal transmission is favored if the ratio t, k, is sufficiently large to exceed the right side of Equation 7.

PREDICTIONS OF THE ADAPTIVE HORIZONTAL TRANSMISSION MODEL

A summary of model predictions and supporting evidence is given in Table 2. The first main model prediction is that investment in horizontal
transmission via tumor formation should increase as the likelihood of vertical transmission (i.e., offspring production) decreases.

Thus, cancers should be most likely to arise when the likelihood of vertical transmission is lower, as when organismal fertility declines with
age. If the selfish genetic elements causing cancers can have phenotypically plastic effects, we would further expect these elements to be
most likely to trigger cancers when there are physiological indicators of facultative loss of expected fertility and also to refrain from triggering
cancers when there are indicators of facultative increases in expected fertility. The predictions of the plasticity version of the adaptive hori-
zontal transmission hypothesis are particularly intriguing because such predictions do not easily or strongly follow from the standard null
model.

Substantial evidence exists that cancers occur more frequently in later life.”” Indeed, in humans, age is the greatest risk factor for cancer. At
a mechanistic level, this makes sense because there’s more time for cells to be damaged in older individuals, making any mutation(s) that
causes cancer more likely to occur. However, fertility also declines in older individuals.®® This could explain why older stem cells responsible
for replenishing an organism'’s tissues later in life are particularly susceptible to cancer origination: Selfish elements in such older stem cells
might, in effect, be sensitive to factors that correlate with the organism'’s age (such as hormonal cues or metabolic byproducts in the body),
and conditionally trigger tumor formation (see the first and second mechanisms hypothesized for conditional expression of selfish genetic
elements in NCT cancers discussed above). Alternatively, as in the third mechanism for conditional expression of selfish elements in NCT can-
cers discussed above, a selfish genetic element might actually cause genetic instability in the genes around it in the same stem cell (including
instability in genes controlling the regulation of stem cell division), leading eventually to cancer origination in older stem cells.

Other evidence strongly suggests a link between cancer susceptibility and the likelihood of vertical transmission. For example, married
couples tend to have overall lower cancer rates than unmarried individuals,”> which is consistent with the prediction that a higher expectation
of vertical transmission is expected to reduce cancer risk. Moreover, there is evidence that cancer origination becomes more likely in specific
tissues when local cues are associated with contexts associated with increases or decreases in expected fertility. For example, breast cancers
are less likely when there is a higher rate of breastfeeding, which is an indicator of increases in expected fertility.”* More generally, female
fertility is negatively associated with cancer rates.®’ However, one finding that violates the prediction of an inverse relationship between can-
cer risk and vertical reproduction probability is that ovarian removal can reduce the risk of breast cancer,’® possibly due to the removal of the
breast-cancer predisposing effects of estrogen in human females. Since estrogen can trigger cell division in breast tissue, such an effect is
more consistent with the null model of cancer origination than with the adaptive horizontal transmission hypothesis. Nevertheless, overall,
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Table 2. Summary of predictions and supporting evidence for the adaptive horizontal transmission hypothesis

General prediction of the adaptive horizontal transmission

hypothesis Supporting evidence
b T - = ——r
Cancer risk should be inversely related to the probability of vertical 1. Cancer risk rises with increasing age, when fertility dec"r}fs'
s L 2. Cancer risk is lower for married then unmarried couples.”
ransmission. 3. Breast cancer is less likely with a higher rate of breast feeding.”®
4. Prostate cancer risk declines with more frequent ejaculations’” and

testicular cancer risk appears to increase in undescended testes.”®

Cancer risk should be inversely related to the intrinsic difficulty of Cancer risk is especially high in skin and linings of the digestive,
horizontal transmission. respiratory, and urogenital tracts, likely associated with high vector

encounter rates.””

the number of births is negatively associated with breast cancer risk in human females.®” In men, medical conditions causing undescended
testes (lowered expected vertical transmission probability) can yield a 40-fold increase in the rate of testicular cancer,”® further in support of
the prediction of the adaptive horizontal transmission hypothesis.

Intriguingly, prostate cancers are less likely the greater the frequency of ejaculations’’ (a proxy for the likelihood of vertical transmission).
Although one might contend that the prostate gland is so well shielded from the environment that it would preclude any horizontal trans-
mission from this organ, the prostate is a frequent target of infections (e.g., it is estimated that 70% of men suffer bacterial infections of their
prostate at some point in their lives®). These infections are caused when bacteria get in the prostate when urine flows backward through the
urethra (vesicoureteral reflux).®*®* Thus, this suggests that a selfish genetic element could be transmitted to and from the prostate through
horizontal transmission via urine.

What about the special case of menopause in women? Are post-menopausal (i.e., post-reproductive) women at higher risk of cancers? We
could find no evidence that menopause is associated with increased cancer rate beyond the increase characteristic of older female age. How-
ever, menopause is thought to have evolved to redirect maternal investment in offspring to investment in the rearing of grand-offspring and
other extended kin.®® Since these extended kin will also tend to share copies of the selfish genetic elements with the mother, it is possible that
cancer risk in the mother is not further enhanced after menopause because such cancer would reduce the mother's ability to care for the
extended kin and thus be disfavored by kin selection.

A second model prediction is that the investment in horizontal transmission will decrease the greater the intrinsic difficulty of horizontal
transmission (and, conversely, the greater the intrinsic difficulty of vertical transmission). One key factor that should vary inversely with the
intrinsic difficulty of horizontal transmission is the availability of competent horizontally transmitting vectors in NCT cancers, i.e., increased
availability of the latter is predicted to increase the investment in horizontal transmission. In CT cancers, a higher frequency of direct contact
with other hosts is expected to lower the intrinsic difficulty of horizontal transmission and thus increase the investment in horizontal transmis-
sion. Interestingly, CT cancers are associated with tissues characterized by a high frequency of contact with hosts, such as oral tissues (through
oral contact) or genital areas (through sexual contact). NCT cancers appear especially likely to arise in long-lived, tissue-replenishing stem
cells that give rise to epithelial tissues in vertebrates, i.e., cells that line organs and are part of structural tissues.® Such tissues comprise
the skin and linings of the digestive, respiratory, and urogenital tracts, which are also plausibly tissues experiencing a relatively high rate
of exposure to pathogens since the cells in these tracts are especially equipped to activate the immune response.’’ Thus, the tissue distri-
bution of cancer propensity is itself consistent with the predictions of the adaptive horizontal transmission model. This interpretation is an
alternative to the null model explanation that cancers are prevalent in epithelial tissues (carcinomas, malignancies of epithelial tissue, account
for 80-90% of all cancer cases in humans) simply because of their relatively high rates of turnover with a consequent higher risk of tumor-initi-
ating mutations. However, the latter null model hypothesis would seem to predict that tissues experiencing the highest total turnover rates
would be most susceptible to cancers. In contrast, although blood cells account for nearly 90% of the total cell turnover rate,®’ blood cancers
account for only 10% of cancer incidence.®® Thus, the null model explanation has difficulties.

Given the consistency of the model predictions with several known aspects of cancers, including those that the null model does not pre-
dict, we propose that the adaptive horizontal transmission hypothesis is worthy of additional tests. Particularly intriguing would be to identify
the nature of the putative selfish genetic element(s) generating cancers and the potential molecular mechanisms by which such elements
assess and respond to indicators of the likelihood of vertical transmission.

FUTURE DIRECTIONS

Whether flexible decision-making by selfish genetic elements causes transmissible cancers is currently unknown. Thus, future research is
needed to test this idea by addressing the following issues.

First, more research is needed to determine how common transmissible cancers are, particularly in natural populations. Although some
have argued that transmissible cancers are rare because they require an unlikely confluence of events to occur,'* they may be more common
than currently recognized, and we have simply failed to detect them. Indeed, if phenotypically plastic selfish genetic elements play an impor-
tant role in the evolution of transmissible cancers, then such cancers might be more common than is generally recognized. Under this hypoth-
esis, transmissible cancers might be considered an adaptive strategy.
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Second, are any such selfish genetic elements that cause transmissible cancers capable of flexible (i.e., plastic) expression, and if so, what
mechanism(s) affect such expression? As noted above, our hypothesis assumes that selfish genetic elements have some mechanism for
tracking the likelihood of their hosts engaging in vertical transmission through reproduction in the future. We also described four theoretical
mechanisms by which this could plausibly occur. More studies are needed to evaluate each of these theoretical mechanisms.

Third, additional studies are needed to determine if our model explains the disparity in cancers between animals and plants. The general
absence of cancer metastasis in plants is thought to result from the difficulty of cancer cell movement throughout the plant because the rigid
cell walls make such movement difficult, even though plants sometimes develop local tumors such as galls or crowns. Such a barrier indicates
that the intrinsic difficulty of horizontal transmission is higher in plants than in multicellular animals. Thus, according to our model, there
should, therefore, be a lower tendency for neoplasias to be initiated in plant than in animal tissues. Indeed, such propensity appears to
be lower in plants, owing to the greater “supracellular” control of cell division in plants than in animals, primarily through strong external con-
trol of cell division by the phytohormones auxin and cytokinin in plants.®” We propose that the greater apparent external control of cell di-
vision in plants reflects adaptive restraint by potentially selfish genetic elements in plant cells, rather than stricter control imposed by more
powerful external cell division regulators in plants than in animals. Such greater restraint by selfish genetic elements in investing in horizontal
transmission in plants is predicted by our model, but it requires further tests.

Conclusions

That evolutionary thinking can shed light on cancer is uncontroversial. Like most organismal features, cancer is subject to evolution by natural
selection, which favors entities that best propagate their distinctive characteristics into the next generation. Viewed through this lens, cancers
are considered cheaters of multicellular development that enjoy a short-term selective advantage despite a long-term selective disadvantage
to their host organism. By killing its host, cancer cannot benefit over the long term from the uncontrolled propagation it causes. For this
reason, cancer is usually regarded as an evolutionary dead end and not an adaptive strategy.

However, some cancers can spread infectiously from their original host organism to a new host, thereby expanding the range of possibil-
ities by which selection can favor cancer’s evolution. Although these transmissible cancers are often viewed as “oddball” cases, they might
represent an adaptive strategy by selfish genetic elements. Indeed, flexible decision-making by selfish genetic elements might cause such
elements to spread from the genome of their original host into the genomes of other hosts through the evolution of transmissible cancers.
Future research is needed to clarify the incidence and causes of transmissible cancers to determine if their occurrence is shaped by changing

conditions in their immediate host environment; most notably, changes in the likelihood that their host can reproduce vertically.
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