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Abstract: Three transmissible cancers are known to have emerged naturally in the wild: canine
transmissible venereal tumor (CTVT); Tasmanian devil facial tumor disease (DFTD); and a
recently discovered leukemia-like cancer in soft-shell clams (Mya arenaria). These cancers have
all acquired the ability to pass between individuals. DFTD emerged approximately 20 years
ago and has decimated the Tasmanian devil population. CTVT arose over 10,000 years ago
in an ancient breed of dog. The clam cancer is believed to have evolved at least 40 years ago.
In this manuscript, we review CTVT and DFTD, the two transmissible mammalian cancers,
and provide an overview of the leukemia-like cancer of clams. We showcase how genetics and
genomics have enhanced our understanding of the unique biology, origins, and evolutionary
histories of these rare cancers.

Keywords: transmissible cancer, devil facial tumor disease, DFTD, canine transmissible vene-
real tumor, origin, evolution

Introduction

Cancer is a group of diseases that arises due to the accumulation of mutations in onco-
genes or tumor suppressor genes resulting in abnormal cell proliferation.'? In common
cases, cancer is not contagious and only limited to the individual that it arises from.
Yet, three cases of naturally occurring transmissible cancers have been found: canine
transmissible venereal tumor (CTVT), a sexually transmitted cancer of dogs (Canis
familiaris);* Tasmanian devil facial tumor disease (DFTD) that is transmitted between
Tasmanian devils (Sarcophilus harrisii) by biting;* and a leukemia-like cancer in
soft-shell clams (Mya arenaria).® Here, we review CTVT and DFTD, the two cases
of contagious cancers that have been extensively studied. We provide a brief summary
of the clam cancer as, in April 2015, the first paper was published revealing its clonal
origin. The genetic and genomic investigations into DFTD and CTVT will provide
the framework for future research into clam cancer.

CTVT and DFTD tumor cells have acquired the ability to escape the confines of the
host in which they originally arose and to spread between individuals by overcoming
the host immune barriers that normally reject nonself cells.” Both cancers have escaped
the physical and evolutionary confines of a single host and embarked on their own
unique evolutionary paths, making them excellent models to study tumor evolution.
In the last decade, comparative immunology,® cytogenetics,”!® genetics, and genomics
studies'""* have allowed us to gain significant ground in characterizing these cancers,
contributing to our understanding of their biology, origins, and evolutionary diversity.
The sequencing of the dog genome, devil genome, !> CTVT," and DFTD'? genomes
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have particularly driven this surge in interest in these cancers.
Here, we review the main findings of this research.

An overview of CTVT and DFTD
DFTD and CTVT have a number of similarities, but they also
have distinctive histories, pathologies, and impacts on their
host species. Here, we provide a short overview of these rare
cancers (summary provided in Table 1).

CTVT (also called Stickers sarcoma) was first reported
in 19th century in London." It was the first tumor to be
experimentally transmitted, and at the time was considered
an exciting breakthrough in oncology.? Since then, hundreds
of CTVT cases have been reported and CTVT is currently
distributed worldwide (reviewed in Das and Das* and Stra-
kova and Murchison').

Sexual transmission during coitus is the main mode of
CTVT transmission.>!> Tumor cells can also be spread by
licking and sniffing tumor-affected areas.> CTVT affects
sexually active dogs of all breeds and ages.>!® It has been
experimentally transferred to wolves, coyotes, red foxes, and
jackals,'>17-20 but not to other common lab animals, demon-
strating its specificity for Canidae. Despite CTVT’s potential
to be transmitted to other canids experimentally, CTVT has
never been reported to naturally occur in any wild dog popu-
lation.' This may be due to the absence of CTVT cases being
reported in wild canids or, alternatively, that CTVT does not
naturally cross the species barrier.

In both sexes, tumors often present as nodular masses
found on the external genitalia.?’?> They may also be pres-
ent in the absence of genital lesion, such as on the skin or
oral mucosa.>'®*2* Tumors first appear as small (<5 mm
diameter) hyperemic papules, which fuse to form large,
hemorrhagic, friable, ulcerating, cauliflower-like lesions that
can exceed 15 cm in diameter.>?"** CTVT transmission may
be facilitated by the contact maintained between male and
female genital mucosa, which is commonly injured during
canid mating and postcoital tie.'s

Table | Comparison between CTVT and DFTD

In vivo experiments showed that CTVT tumors undergo
three distinct phases of growth: progressive, stable, and
regressive.?> 28 Healthy dogs that are experimentally
inoculated with CTVT undergo high levels of spontane-
ous regression.'>?26 Mortality and regression rates in
stray dog and wild dog populations remain unknown. In
cases where the tumors regress, dogs develop immunity
for life, protecting them from consequent transplantation
events.?’** Transcriptome comparison between regressive
phase and growth phase CTVT tumors showed a signifi-
cant link between tumor regression and the upregulation of
T-cell- and cytokine-mediated immune pathways.** Immune
involvement, including the cell-mediated and humoral
immune response, is involved in tumor regression which,
after a period of initial CTVT growth, tips the scale back in
favor of the host (reviewed in Siddle and Kaufman®). CTVT
metastasis is not common in healthy dogs, occurring in only
5%—17% of cases.** However, in immunocompromised ani-
mals*® and puppies,*” a higher rate of metastasis is observed.
CTVT treatment options include chemotherapy,?*3%3°
radiotherapy,* and surgical excision.*! Chemotherapy using
vincristine is regarded to be the most successful and practi-
cal therapy.**?

The Tasmanian devil is a marsupial carnivore that has
been isolated to the Australian island state of Tasmania for
over 12,000 years.” DFTD was first observed at Mt William
national park in the northeast region of Tasmania in 1996.
DFTD is characterized by large ulcerating friable tumors
found predominantly on the devil’s face, neck, and within
the oral cavity.*** DFTD affects both sexes and is observed
predominantly in sexually mature devils (>2 years old).*
DFTD is entirely species-specific and has not been found in
any other marsupials.*

Biting is the main mechanism by which DFTD is
transmitted,** but cannibalism of DFTD-infected carrion or
transmission via fomites may also result in the transmission
of DFTD cells.’ Direct inoculation through biting is the more

Characteristics CTVT DFTD Leukemia-like clam cancer

Host Dog Tasmanian devil Soft-shell clam

Species of origin Dog Tasmanian devil (female) Unknown

Cellular origin Myeloid cell Schwann cell Unknown; potentially hemocytic
Date of origin 10,000-12,000 years ago 20-25 years ago Unknown; at least 40 years old
Distribution Worldwide Tasmania East coast of North America
Transmission route Coitus Biting Water, possibly through filter feeding
Primary tumor site External genitalia Face, oral cavity, head, neck Hemolymph

Treatment Chemotherapy, radiation therapy, surgical excision None None

Abbreviations: CTVT, canine transmissible venereal tumor; DFTD, devil facial tumor disease.
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plausible transmission route due to the fact that DETD cells
have a short survival time outside the host.®> Biting commonly
occurs when devils mate and during “jaw wrestling” when
devils communally feed.* Interestingly, a higher incidence of
DFTD is seen in animals that “bite” rather than those that are
bitten,’ suggesting that more aggressive devils may be more
susceptible to contracting the disease.’ A higher incidence of
primary tumor formation within the oral cavity, as opposed
to external facial tumors, is observed and consistent with
the aggressive biter “receiving” tumor cells orally from an
infected submissive animal who has ulcerating facial tumors.’
Devils often present with oral cavity wounds and avulsions,
which they commonly sustain through devil to devil interac-
tion and their consumption of tough food items like bones.
Such wounds may assist in DFTD cellular transmission by
compromising the oral mucosal epithelial barrier.’

It has been hypothesized that if DFTD eliminates
the more aggressive devils, a less aggressive devil pheno-
type may result.> Alternatively, sexual selection may favor
the more aggressive dominant devils who may achieve
higher rates of paternity.” To determine if DFTD-induced
directional selection is occurring in devil populations, a
longitudinal data collection study assessing aggressive and
submissive behavioral traits and disease prevalence would
be required.

Despite a competent immune system, devils do not illicit
an immune response against the tumor.** Devils are able to
reject skin grafts from other devils, showing that they have the
ability to mount a normal graft rejection response to trans-
planted devil tissues.* DFTD transplantation experiments in
mice have shown that DFTD cells are allogenic and stimulate
an immune response in immunocompetent mice.* This makes
it unlikely that any other animal with a competent immune
system would be susceptible to DFTD. The mechanisms by
which DFTD cells circumnavigate the devils’ immune system
are not completely understood.

DFTD is untreatable and it causes almost 100% mortality
within 6-9 months from the first appearance of tumors.**!
Devils often die due to starvation or metastasis, which occurs
in 65% of cases.* Devil populations have plummeted since
DFTD emerged. Before DFTD was discovered, the devil
population numbered approximately 150,000 devils.>> The
overall population has now declined by 84%.%° In some
areas, local population declines exceed 95%.>* DFTD has
now spread to over 75% of the state, with the disease front
expanding further every year.>

DFTD follows a frequency-dependent transmission pat-
tern akin to a sexually transmitted disease. Even in low devil

density populations, DFTD transmission occurs,**> making
it unlikely that DETD will die out. With no current vaccine
or treatment options for DFDT, the survival of the devil is
currently being facilitated by the reintroduction of animals
that have been bred and raised in captive populations. The
release and monitoring of the “insurance population” devils
is an ongoing project that aims to prevent the extinction of
devils in the wild.>* A major aim of the project is that captive
devils are genetically representative of the species and that
greater than 95% of the genetic diversity can be maintained
over the course of the breeding program.>

Mode of tumor transmission — the
allograft theory

CTVT and DFTD are contagious cancers and are passed
between individuals as allografts. Several lines of evidence
have been found to support this hypothesis.

The first suggestion that CTVT was a transmissible cancer
came from early experimental work which demonstrated that
tumor could be passed between dogs.? Cytological banding
analysis of the tumor karyotypes supported this,**** and cyto-
genetic evidence also suggested that like CTVT, DFTD was
passed as an allograft.®* Compared to the normal somatic cells
of their respective hosts, CTVT and DFTD tumors both have
undergone significant chromosomal rearrangements,’**>* and
the rearranged karyotypes are conserved between tumors col-
lected from different hosts.**>#% The normal dog karyotype
consists of 78 chromosomes, including 76 acrocentric and
two metacentric sex chromosomes, X and Y, while CTVT
cells sampled from across the world possessed consistent and
unique cytogenetic profiles with 57-59 chromosomes, includ-
ing 42 acrocentric and 15—17 metacentric chromosomes.>*
The reduced chromosome number is attributed to fusion
events of smaller chromosomes that form 16—18 bi-armed
derivatives.’6!

The normal diploid chromosome number of the Tas-
manian devil is 14, including six pairs of autosomes and
the sex chromosomes XX or XY.®© DFTD tumors have
13 chromosomes and the addition of 4-5 small marker
chromosomes. Upon first appearance, the tumor karyotype
appears to contain full or partial loss of three autosomes
and the sex chromosomes.®® However, the genetic material
from the “missing” chromosomal regions is reshuffled in
DFTD, and is predominantly located on the four marker
chromosomes.’

Further proof that CTVT and DFTD were each derived
from a single ancestral source was obtained by genetic
analyses at specific loci between matched host and tumor
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samples, and among the tumors themselves. Genotyping
at microsatellite, mitochondrial DNA, and canine major
histocompatibility complex (MHC) loci revealed that CTVT
tumors are consistently genetically distinct from their hosts
with only a moderate amount of diversity between tumors.>%
A long interspersed nuclear element (LINE) insert upstream
of the v-myc myelocytomatosis viral oncogene (avian) (MYC)
gene was identified in all examined CTVT tumors, but it is
absent in the normal dog genome.* Similarly, the clonal
nature of DFTD has been demonstrated by multilocus genetic
profiling,® showing that the tumors share identical genotypes
at all examined microsatellite loci**** and MHC genes,* but
are genetically distinct from their hosts.

The allograft theory for CTVT and DFTD is also sup-
ported by the results of more recent whole-genome sequenc-
ing''""* and molecular cytogenetic®'® analyses. These studies
showed that the chromosome and genome profiles of both
transmissible tumors are stable and highly conserved, akin
to a monophyletic origin.

Immune evasion strategies of

transmissible tumors

Although CTVT and DFTD tumors are transmitted as
allografts between individuals, they do not immediately
trigger normal graft rejection responses.’” In both cases,
epigenetic mechanisms alter cell-surface MHC expression
on the surface of tumors, allowing them to slip under the
radar of the immune system.**% A key difference between
the two cancers is that DFTD does not undergo spontane-
ous regression like CTVT does. The mechanisms that drive
CTVT regression are still not completely understood. The
expression of MHC genes is believed to be a critical driver
of CTVT tumor cell clearance.

MHC genes encode cell-surface molecules that bind
and present foreign peptides to T-cells, and they therefore
play a critical role in immunosurveillance, self-/nonself-
recognition, and graft rejection.”®”" Complete MHC loss or
downregulation of MHC expression is commonly observed
in tumors’ as a mechanism to evade T-cell-mediated immune
responses.” Alteration of MHC expression profiles in tumors
can be caused by genetic mutations or epigenetic changes in
MHC genes or other genes associated with antigen process-
ing and presentation.™

In CTVT, the progressive phase coincides with the
downregulated expression of MHC molecules on tumor
cells.®®%7 Additionally, expression of the immunosuppres-
sive cytokine transforming growth factor B (TGFp), which
suppresses T-cell and natural killer (NK) cell activities, also

promotes tumor growth in this phase.” During CTVT tumor
regression, MHC expression increases significantly (from 5%
to 30%—40% of cell expression).®®777 MHC restoration
coincides with an influx of tumor-infiltrating leukocytes®76"”
and high levels of the cytokines interferon gamma (IFNYy) and
interleukin (IL)-6.7 These cytokines synergistically relieve
the suppressive effect of TGF on NK cells and increase
MHC expression.’>7

Immunohistochemistry analysis and gene expression
profiling have revealed that the majority of DFTD cells do not
express cell-surface MHC molecules, except in rare instances
when DFTD cells are in close proximity to lymphocytes.®’
The lack of MHC presentation appears to be the result of the
epigenetic modification of genes involved in antigen process-
ing beta-2 microglobulin (2M), transporter 1 ATP binding
cassette (7AP1), and transporter 1 ATP binding cassette
(TAP2).5 In vitro experiments showed that the downregula-
tion of these genes can be reversed, and that MHC expression
restored after treatment with histone deacytlase inhibitor and
cytokine IFNYy, which acts to upregulate transcription factors
with deacytlase activity.®”” This provides hope for the future
development of a vaccine against the disease.

Origin and evolution of transmissible

cancers
Despite the similar features stated earlier, CTVT and DFTD
are highly distinct in their origin and evolutionary history.

DFTD

DFTD is a recently emerged disease,** which was first seen
in 1996. Transcriptome analysis suggests that it is derived
from a Schwann cell or Schwann cell precursor.” DFTD cells
express the S-100 protein, vimentin (VIM), melan A (MLANA),
neuron-specific enolase (NSE), chromogranin A (CHGA), and
synaptophysin (SYP) genes, which are tissue-specific mark-
ers commonly expressed in neuroendocrine cells.*” DFTD
cells express multiple genes associated with Schwann cell
differentiation, including sex-determining region Y-box 10
(SOX10), sex-determining region Y-box 10 (SOX2), POU
class 5 homebox 1 (POUS5FI), and Jun proto-onco gene
(JUN),™ as well as the myelin-specific genes, myelin protein
zero (MPZ), periaxin (PRX), myelin basic protein (MBP),
and peripheral myelin protein 22 (PMP22).”® Chromosome
painting and gene copy number analysis revealed two cop-
ies of X chromosome marker genes in the DFTD genome’
and the absence of Y-borne genes such as sex-determining
region Y (SRY),”!? suggesting that the founder animal that
DFTD arose in was a female. The DFTD genome also has a
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comparable number of X chromosome-derived single-base
substitution variants to that of the female devil genome, and
twice the number of variants of the male X chromosomes.
This further supports that X-borne genes present in DFTD
are derived from a female homologous pair, rather than being
due to somatic X gene duplication events.'?

Chromosome painting and gene mapping studies suggest
that chromothripsis may have been the mutational event that
led to the initial development of DFTD.? Chromothripsis is
the phenomenon by which vast chromosomal rearrangements
within confined genomic regions, such as a single chromo-
some, occur in a single catastrophic breakage fusion event.*
Chromothripsis tends to occur early in cancer development,
producing a large proportion of driver mutations that results
in a rapid cellular transformation.?! In the case of DFTD,
chromosome 1 and chromosome X have been extensively
fragmented and rearranged.’

The rearranged DFTD karyotype is remarkably stable.
Four major strains have been identified based on banding
techniques.® All strains retain this basal karyotype with
minor cytogenetic differences, including a variable number
of marker chromosomes (between 4 and 5) and the pres-
ence of Dmins (a mini chromosome presumed to contain
oncogenes).®? So far, three major strains (strains 1, 2, and 3)
have been characterized using molecular cytogenetics.” All
DFTD tumors retained large regions of homology between
them, and few changes were seen across the majority of
chromosomes.’ Strain 1 represents the first DFTD karyotype
that was originally described by banding analysis.*® Strains 2
and 3 each contains two distinct substrains (strains 2b and 2c,
and 3a and 3b). Chromosomes 4, 5, and X have been progres-
sively rearranged during the evolution of DFTD strains.’ The
general conservation of chromosomal rearrangement across
DFTD strains suggests that mild chromosomal instability
may be tolerated within some regions,” whereas other regions
may be under selective pressure to remain conserved.

As DFTD evolves, it is likely that some variations that
are either beneficial or deleterious to tumor growth, and
that transmission may accumulate. Indeed, different DFTD
strains have different in vitro growth rates. The distinct
biological characteristics of DFTD strains have important
implications for strain persistence within the population, as
well as for population impacts and long-term survival of the
Tasmanian devil. Distinct geographic distribution patterns
have been observed for different DFTD karyotypic strains.
Mitochondrial and nuclear DFTD genotyping reveals that
there are differences in the populations of DFTD in different
regions of Tasmania.'? This has provided evidence for the

evolutionary dynamics and clonal expansion of DFTD, as it
has spread across the state.!?

Across the Tasmanian mainland, several distinct DFTD
tumor subclones exist, many of which have overlapping
geographic ranges.'>® DFTs have regionally distinct popula-
tion structures, with certain clones displaying dominance in
some regions. This dominance may be the result of neutral
processes or due to selection that favors a particular DFTD
type."?

In the Forestier Peninsula, an isolated Eastern coastal
region of Tasmania, all DFTD tumors cluster in a single clonal
lineage, making it likely that the DFTD tumor population in
this area arose from a single DFTD subclone.'? The DFTD
lineages found within this region remain isolated and have not
spread any further across the mainland.'? One of the Forestier
Peninsula DFTD lineages, and a rise in the tetraploid form
of'the strain 1 tumor, has temporally increased in prevalence
in this region akin to a selective sweep.'>* In a disease sup-
pression trial that took place at this location,® animals with
tumors were culled, and it is believed that this activity could
have led to the selection of tetraploid clones®* and subclone
dominancy.

The long-term consequences of arise in DFTD tetraploid
strains are not yet known.® Tetraploidy is known to provide
cells with a slower growth rate.’%” Indeed, tetraploid DFTD
tumors display the slowest in vitro growth.®? This may extend
the period of host survival and provide a longer window of
opportunity for DFTD transmission and evolution.

Alternatively, it is possible that tetraploid tumors, harbor-
ing higher rates of mutations, may allow the cells to better
adapt and evolve.® It could even make them more aggressive,
metastatic, and drug resistant, as has been observed in some
tetraploid human cancers.3$%

Future research will focus on whether DFTD is evolving
in a particular trajectory. Perhaps increases in tetraploidy
and a slowing down of growth rates may allow the tumor to
become less aggressive. After all, if DFTD kills the entire
species, it too will become extinct. The ideal situation would
be for DFTD to co-evolve with the devil, and ultimately
become a parasite, like CTVT.

CTVT

CTVT arose approximately 10,000—12,000 years ago, and it
is the oldest clonal cell line in existence."* A genome com-
parison with 86 dog breeds, wolves, and coyotes revealed that
the primary tumor is likely to have arisen in an ancient dog
breed that is most genetically similar to Alaskan malamutes or
huskies, and is similar in size to a medium to large dog with
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an agouti or black coat.'* Based on a heterozygosity analysis
of the tumor genome, the founder dog likely belonged to a
relatively inbred population.!?

It has been hypothesized that the inbred status of the dog
from which CTVT arose may have been a factor that assisted
in immune evasion of the original CTVT clone.'* Indeed, Tas-
manian devils have low genetic diversity at microsatellite,*
nuclear,'' mitochondrial, and immune genes such as the
MHC.***! The genetic diversity of the founder may therefore
be a governing predisposing factor required for transmissible
cancer to emerge and spread.

CTVT is believed to have evolved from a macrophage, as it
expresses lysozyme (LYZ), alpha-1 antitripsin (SERPINA1),%
VIM,*? and NSE,” which are all macrophage-related proteins.
The histiocytic origin is also supported by the susceptibility
of CTVT tumor cells to infection by Leishhmania infantum,
a parasite that has a tropism for macrophage cells.?%+

Throughout its long evolutionary history, the CTVT
genome has accumulated approximately 1.9 million somatic
mutations and acquired thousands of copy number changes,
retrotranposon insertions, and rearrangements.'* Evolution has
resulted in two phylogenetically distinct subgroups of CTVT
tumors, which have a considerable amount of lineage diversity
between them.®>%* Genome sequencing and mutation analy-
sis of two CTVT tumors showed that the two lineages have
approximately 105,000 and 110,000 unique somatic mutation
variants, respectively.'®* Ancestral dating prediction suggested
that the two CTVT variants likely last shared a common ances-
tor approximately 460 years ago, corresponding with the era of
human exploration.’* Modern CTVT subgroups are believed
to represent a recent global sweep of an ancient lineage that
has successfully spread worldwide in recent times.'>* This
indicates that CTVT worldwide dissemination may have been
assisted by human intervention.

Table 2 Putative driver gene mutations in CTVT

CTVT may have once existed in a more virulent form
and over time, CTVT may have evolved to becoming more
benign. The natural regression of CTVT tumors may be an
adaptive response to maintain host population viability.®
Indeed, in experimentally transferred CTVT, tumors follow
a benign course with higher rates of regression and host
recovery after subsequent generations.” The ancient origin
of CTVT and long propagation throughout successive hosts
has provided ample opportunity for such adaption to occur.
We do not know if DFTD will run a similar evolutionary
trajectory to CTVT and in time adapt to coexist with devils.
Considering the limited number of devils that are left in the
wild, without devil reintroduction, the evolutionary potential
of DFTD may be limited.

Like CTVT, where all extant CTVTs are found to be
derived from two distinct lineages, over time, we may
observe clonal expansion of specific DFTD strains and lin-
eages across Tasmania.

Roles of oncogenes and tumor
suppressor genes in transmissible

cancers

In humans, over 500 genes®® have been associated with tumor
progression and initiation across a range of different cancers.
Genetic mutations, including copy number changes, trunca-
tions, gene fusions, and single-base substitutions, have been
observed in a number of these genes in CTVT (Table 2) and
DFTD (Table 3), and they may be of biological significance
to their tumorigenic initiation and progression. A number of
important tumor suppressor genes have been found mutated
in the transmissible tumors (Tables 2 and 3). For instance,
in CTVT, an amino acid substitution has occurred in the
tumor protein 53 (7P53) gene,'**” resulting in functional
abnormality in the gene and its products.”® However, this

Gene Mutation in CTVT Gene function Reference

BCL2 Copy number gain Oncogene 10

YESI Copy number gain Oncogene-— protein kinase 10

MYC Copy number gain and upstream insertion Dual role — oncogene and tumor 10,13,64
of truncated LINE | element suppressor

KIT Copy number gain Oncogene—tyrosine kinase 10

RBI Copy number loss Tumor suppressor retinoblastoma protein 10

PTEN Copy number loss Tumor suppressor 10

SETD2 Hemizygous nonsense Tumor suppressor 13

CDKN2A Homozygous deletion Tumor suppressor 13

ERG NEK |-ERG fusion gene in frame ERG, cancer-associated fusion gene partner 13

Tp53 Amino acid substitution Tumor suppressor 13,97

Nuclear phosphoprotein

Abbreviations: CTVT, canine transmissible venereal tumor; LINE, long interspersed nuclear element.
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Table 3 Putative driver gene mutations in DFTD

Gene Mutation in DFTD Gene function Reference
APC Near hemizygous deletion Tumor suppressor 9
mYc Near hemizygous deletion Tumor suppressor 9
NF2 Near hemizygous deletion Tumor suppressor 9
MLHI Near hemizygous deletion Tumor suppressor 9
DNA repair protein
PRKCH Amino acid substitution Tumor suppressor Il
Protein kinase
CCNA:-like Amino acid substitution Cyclin protein that regulates CDK kinase I
ANTXRI Amino acid substitution Tumor suppressor I
P53 regulator
FANCD2 Amino acid substitution Fanconi anemia complementation group — defective DNA repair 12
RET Amino acid substitution Oncogene-tyrosine kinase 12
MAST3 Predicted homozygous deletion Serine/threonine kinase 12
BTTLY-like Predicted homozygous deletion Possible immune modulator 12
PDGFA Balanced translocation Platelet-derived growth factor 12

Abbreviation: DFTD, devil facial tumor disease.

mutation is found to be absent in some CTVT variants, and
therefore not believed to be of germline origin.” Another
important mutation is the possible copy number loss of
the neurofibromin 2 (NF2) gene in DFTD.’ Abnormality
in this gene is commonly associated with brain tumors and
schwannomas'® %! in humans. It remains to be confirmed if
these genomic changes are associated with changes in gene
expression and whether they have important functional roles
in DFTD and CTVT.

Transmissible cancers in other
species

In humans, the transmission of cancer between unrelated indi-
viduals is rare due to histocompatibility barriers. Examples
of human transmissible cancers include mother to fetus
transmission via placenta!®?> and organ donor to transplant

103 The rare cases of

recipient via artificial transmission.
cancer transmission and progression are often associated
with genetic similarity, lack of immune surveillance,'* or
host immunosuppression.'®

The only other transmissible cancer reported in mammals
is the Syrian hamster sarcoma.'® This sarcoma is limited to
an inbred lab population of hamsters that were derived from a
single family line. The tumor is transmitted by feeding tumor
tissue, cannibalism, and mosquitoes.'%-1%8

It was recently shown that a leukemia-like cancer in soft-
shell clams (M. arenaria)® that has been devastating clam
populations since the 1970s'1° g actually transmissible. In
the clam cancer, like CTVT and DFTD, the tumor genotypes
are identical and distinct from those of their hosts.® The long
terminal repeat (LTR) retrotransposon element Steamer

111

shows a correlation to disease expression''' and has been

implicated as a potential tumorigenic driver of this cancer.®
Healthy clams have less than ten genome copies of Steamer
compared to leukemic clams that have between 150 and 300
copies throughout their genome.® The sessile nature of clams
renders the transfer of tumor cells by physical contact not
possible, which is in stark contrast to the primary transmis-
sion route of CTVT and DFTD. As filter feeders, the inges-
tion of leukemic tumor cells that have been shown to readily
survive in the water is proposed to be the way in which tumor
cells are transferred through the water. The clams affected
by this leukemia are located along the North Atlantic coast
and separated by hundreds of miles. Clam populations in the
United States and Canada have distinct cancer subpopula-
tions with significant divergence, indicating that the clam
cancer cell lineages are continuing to evolve.® It remains
unknown whether this cancer has the potential to spread to
other bivalves.® Other clams, mussels, oysters, and cockles
are known to have transmissible neoplasias. The possibility
that many of these may represent independent contagious
cancer lineages is now being questioned. Unlike the well-
defined MHC graft rejection response in mammals, a self-/
nonself-immune rejection in molluscs has never been
defined.® This may make molluscs vulnerable to allograft
transfer,® and raises significant conservation concerns for
species where direct contact to spread of such neoplasia is
facilitated by an aquatic environment.

Conclusion

CTVT, DFTD, and the leukemia-like clam cancer are cur-
rently the only known contagious cancers to emerge in
wild populations. CTVT and DFTD have remained remark-
ably stable as they passed through successive generations of
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their respective hosts. Genetics and genomics research has
aided in our understanding of these cancers by revealing
how these cancers emerged and have successfully evaded
immune responses to pass from animal to animal. A number
of genetic alterations in genes that may have tumorigenic
potential have been identified, and future research will focus
on developing a deeper understanding of the function of these
genes within each cancer. The genomic sequences of dogs,
devils, and their tumors have provided outstanding resources
for the development of genomics techniques to study in detail
the evolutionary trajectories of these cancers. With time,
we will learn whether contagious cancers will ultimately
become more benign and be able to be rejected by the host,
as in CTVT, or whether they are capable of driving a species
to extinction, as was initially predicted in DFTD, but which
has not yet eventuated. The recent discovery of the transmis-
sible clam cancer has revoked CTVT and DFTD’s status as
the only transmissible cancers to have emerged naturally in
the wild. Indeed, it is likely that in the future, we may see
a rise in the occurrence of contagious cancer, which makes
it vital for us to strive to understand their evolutionary and
biological dynamics. Genomics technologies will allow us
to do that.
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