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The cancer which survived: insights from the genome of
an 11 000 year-old cancer
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The canine transmissible venereal tumour (CTVT) is a
transmissible cancer that is spread between dogs by the
allogeneic transfer of living cancer cells during coitus. CTVT
affects dogs around the world and is the oldest and most
divergent cancer lineage known in nature. CTVT first emerged
as a cancer about 11 000 years ago from the somatic cells of an
individual dog, and has subsequently acquired adaptations for
cell transmission between hosts and for survival as an
allogeneic graft. Furthermore, it has achieved a genome
configuration which is compatible with long-term survival.
Here, we discuss and speculate on the evolutionary processes
and adaptions which underlie the success of this remarkable
lineage.
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Although CTVT is found worldwide, the patterns of
genetic identity detected in tumours located on different
continents indicate a single clonal origin for the disease
[2,3]. Analysis of a mutational process with clock-like
features, as well as comparison of microsatellite variation
between tumours and between tumours, dogs and wolves,
suggest that the lineage first arose as a cancer several
thousand years ago [1,2,3]. By searching for genetic
variation present in the CTVT genome and comparing it
with genotypes associated with specific traits in modern
canids, a picture of the ‘founder dog’ that first spawned
CTVT has emerged [1,2,3]; it appears that this
individual was more closely related to modern dogs than
modern wolves and had relatively low levels of genomic
heterozygosity. This animal was probably of medium or
large size with an agouti or solid black coat. The XO
karyotype and genotype found in CTVT tumours precludes conclusions about the founder animal’s gender
[1,9].
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CTVT is a sexually transmitted cancer that affects dogs
and usually manifests clinically with tumours associated
with the external genitalia of both male and female
animals (Figure 1a). Although CTVT first appeared in
the veterinary literature at least two hundred years ago
[4], its uniqueness as a transmissible cancer was not noted
until much later [2,3,5–7]. CTVT is endemic in at
least ninety countries worldwide across all inhabited
continents and its distribution is linked to the presence
of free-roaming dogs [8].

Introduction
The canine transmissible venereal tumour (CTVT)
(Figure 1a) is a cancer that first emerged as a tumour
affecting an individual dog that lived about 11 000 years
ago [1,2,3]. Rather than dying together with its
original host, the cells of this cancer are still alive today,
having been passaged between dogs by the transfer of
living cancer cells during coitus (Figure 1b). The genome
of CTVT, which has recently been sequenced, bears the
imprint of the evolutionary history of this extraordinary
cell lineage [1]. Furthermore, the genome variation
captured in global CTVT populations has highlighted
some of the unique adaptations that have driven this
lineage to become the longest-living and most prolific
cancer known in nature. This ‘cancer which survived’ is a
remarkable biological entity which illustrates that evolution can drive a transition from mammalian somatic cell to
obligate colonial parasite.
www.sciencedirect.com

CTVT probably first arose from a somatic cell, possibly a
tissue macrophage or a dendritic cell [10,11], of this
‘founder animal’ via evolutionary processes that are common between all cancers. The life-history of a cancer is
generally characterised by successive waves of clonal
outgrowth, driven by the acquisition of positively selected ‘driver’ mutations [12]. The molecular processes promoted by driver mutations can shed light on the biological
pathways underlying cancer, such as proliferative autonomy, resistance to cell death and genomic instability [13].
CTVT shares a number of putative driver mutations with
human cancers, some of which possibly occurred in the
original CTVT tumour. These include a rearrangement
involving MYC, homozygous deletion of the CDKN2A
locus, homozygous loss of SETD2 and a rearrangement
involving ERG that creates a potential in-frame NEK1ERG fusion gene [1,5]. There is, however, no evidence
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Canine transmissible venereal tumour (CTVT). (a) CTVT causes tumours most often associated with the external genitalia of both male (left) and
female (right) dogs. (b) CTVT first emerged from the somatic cells of the ‘founder dog’ about 11 000 years ago. Since then, it has been transmitted
between individual dogs by the allogeneic transfer of living cancer cells.

to suggest that the original CTVT or its host were
particularly extraordinary; we cannot know if the original
CTVT was metastatic in its founder dog, or even if the
original CTVT was the cause of its founder’s death.
Nevertheless, we presume that a series of highly improbable events next triggered CTVT to become a transmissible cancer (Table 1).
Crossing the gaps

Cancers frequently acquire features that cause cells to
depart from a primary tumour and establish new tumours
in distant sites of the body via a process of metastasis.
CTVT, however, has acquired adaptations for the transmission of cancer cells to new hosts. The family Canidae
may have been particularly at risk for the establishment of
a sexually-transmitted cancer due to the existence of the
long-lasting coital tie that is peculiar to this group. The
Current Opinion in Genetics & Development 2015, 30:49–55

coital tie may last for up to 30 minutes, and may lead to
injuries to the genital mucosa; such conditions may thus
provide an exceptional opportunity for the exchange of
cancer cells between individuals [14]. Despite the potential for mating between dogs and wild canids, including
wolves and coyotes, CTVT has not been reported within
wild canid populations [8]. CTVT tumours are also occasionally found affecting non-genital regions, most commonly skin, nasal cavity, lymph node, eye and mouth [8].
As these sometimes occur without genital involvement
[15–17], this suggests that there may be non-coital routes
of CTVT transmission, possibly involving licking, sniffing or parturition.
Transmissibility has presumably had consequences for
CTVT genome evolution. Direct transmission of cancer
cells may select for loss of cell adhesion; indeed, CTVT
www.sciencedirect.com
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Table 1
The cancer which survived. Transmissible cancers must acquire adaptations that allow them to survive as long-lived cell lineages.
Summary of barriers to the emergence of transmissible cancers, and speculation on possible mechanisms acquired by CTVT to
overcome these
Adaptations of transmissible cancers

Speculation on possible mechanisms used by CTVT

Transmission between hosts

Tumour friability and ulceration, growth in external compartment, transmission during extended
and often injurious canine coitus

Immune evasion

Down-regulation of MHC molecules from the cell surface, NK cell avoidance,
recruitment of immunosuppressive microenvironment, inflammation

Maintenance of genome integrity

Maintenance or activation of DNA repair processes, telomere stabilisation, negative
selection, mitochondrial genome capture from hosts

tumours are typically highly friable [18–20]. Furthermore,
CTVT tumours are delicately encapsulated and bleed
readily upon contact [20], presumably optimised for the
release of CTVT cells during the friction involved in
coitus. A genetic imprint of the CTVT transmission cycle
was identified with the discovery that approximately 40%
of mutations in CTVT were caused by exposure to ultraviolet (UV) light from the sun [1]. Although UV mutagenesis would be expected to impact only the surface layer
of cells of an ulcerated externally-facing tumour, it is these
very cells, indelibly marked with a UV imprint, which have
sustained the lineage by transfer to new hosts.
The requirement for existence within an external compartment with ready access to new hosts may be a barrier
for the emergence of naturally transmissible cancers.
However, a variety of routes of cancer cell transmission
could be envisaged, and depend on the behaviour and
biology of the host species. The Tasmanian devil facial
tumour disease, the only other known naturally occurring
transmissible cancer, is transmitted by biting [21,22],
exploiting the facial biting behaviour that this species
engages in during aggressive interactions. Furthermore, a
transmissible cancer in a laboratory population of hamsters was transmissible by cannibalism and mosquitoes
[23–25]. Cancer cells have also rarely been reported to
have spread between two humans within a variety of
contexts, including surgical accident, organ transplant,
in utero and during experimental treatments [26–31].
Once deposited within the breached mucosa of another
animal, CTVT must next overcome perhaps the most
potent obstacle facing transmissible cancers: the immune
system.
Evading the barriers

Although all cancers, including those that remain within a
single host, may have acquired adaptations to escape
immune destruction, transmissible cancers are able to
escape the immune system as an allogeneic graft. The
highly potent immune response to allogeneic grafts is
primarily mediated by direct allorecognition of foreign
major histocompatibility complex (MHC) molecules by
www.sciencedirect.com

the graft recipient’s T cells [32]. Although MHC molecules are normally expressed by all nucleated cells, both
CTVT and DFTD cells have lost expression of MHC
molecules, presumably via a process of immunoselection
[2,33,34,35,36]. Similarly, many human cancers modulate MHC molecule expression as a mechanism to escape
immune detection [37].
The mammalian immune system has specific mechanisms to detect cells which are not expressing MHC
molecules. Natural killer (NK) cells are specialised lymphocytes which become cytotoxic when activated by
‘missing self’, that is, absent MHC. The mechanisms
whereby transmissible cancers escape NK cell killing
remain unclear [38]. The recruitment of an immunosuppressive tumour microenvironment leading to immune
tolerance or anergy may be an important feature in
transmissible cancer immune escape [33,39–41]. This
suggestion is supported by the observation that CTVT
rarely metastasises, thus departing from the established
tumour microenvironment, except in immunosuppressed
hosts and newborn puppies [42,43].
Early observations of CTVT revealed that experimentally transplanted tumours frequently undergo immunemediated spontaneous regression two to six months after
transplantation [44–46]. This, however, contrasts with
naturally occurring CTVT, where spontaneous regression
has not been consistently reported [14,47,48]. The immune response to CTVT may be influenced by the site of
tumour transplantation (experimentally transplanted
CTVT tumours are usually injected subcutaneously)
and the concurrent presence of injuries and inflammation.
It is also possible that there is variation in susceptibility to
CTVT within the dog population that influences clinical
progression and disease course [49]. This is supported by
the observation that CTVT is usually found at low
prevalence within affected dog populations [8].
Thousands of years of passaging between allogeneic hosts
has presumably exerted powerful immunoselective pressures on CTVT. Signatures of this process may be present
in the CTVT genome, possibly acting to prevent mutation
Current Opinion in Genetics & Development 2015, 30:49–55
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of cell surface antigens. However, CTVT has possibly
faced yet another selective challenge: maintaining its
genome integrity over thousands of years despite the
irreversible accumulation of mutations.

Genetic variation, caused by the accumulation of somatic
mutations, is the raw material upon which natural selection operates to drive the outgrowth of cancer [12]. Thus,
genome instability and loss of DNA repair pathways have
been described as ‘enabling characteristics’ of cancer [13],
and most human cancers carry a few thousand point
mutations as well as structural variants and aneuploidy
[12,50]. Most of these mutations are considered to be
selectively neutral, captured in the cancerous clone by
hitchhiking together with a small number of positively
selected driver mutations. Interestingly, negative selection, operating to curb the accumulation of mutations that
decrease fitness, has not been robustly detected in cancer
[51–53].

lineage. Indeed, the CTVT genome has acquired approximately 1.9 million somatic substitution mutations, as
well as thousands of structural rearrangements, copy
number changes and retrotransposon insertions [1].
Interestingly, however, despite the enormous number
of mutations and marked aneuploidy, the genomic rearrangements and microsatellite alleles observed in CTVT
tumours collected from different continents are remarkably similar [1,2,3,7,9,54]. It is possible that CTVT
has maintained or activated DNA repair and telomere
stabilisation mechanisms that safeguard its genome
against further mutation and instability. Additionally,
given the large mutation burden already carried by
CTVT, its genome may be particularly sensitive to further mutation such that negative selection acts to maintain stability. It is interesting that the oldest human
cancer lineage, the HeLa cell line, which has continued
to survive by passaging in laboratory cell culture for more
than sixty years, also appears to have a relatively stable
genome in terms of point mutation [55].

The exceptionally long lifespan of CTVT as a cancer
raises the possibility that the accumulation of mutations
has become a burden rather than an advantage in this

The occasional capture of mitochondrial DNA from its
hosts appears to be one mechanism acquired by CTVT
to support long-term survival [56] (Figure 2). The

Surviving the millennia
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Horizontal transfer of mitochondrial genomes. The finding that CTVT mitochondrial genomes derived from tumours in different dogs do not share a
clonal origin led to the proposal that CTVT cells periodically capture mitochondria from their hosts [56]. CTVT cells (grey) are shown acquiring
mitochondrial genomes from host cells (red and blue). Over time, the original CTVT mitochondrial genome (black), which presumably carried a
large mutation burden, is replaced by the acquired host mitochondrial genomes (red and blue) via a process of genetic drift or positive selection.
Current Opinion in Genetics & Development 2015, 30:49–55
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mitochondrial genome is gene rich, has a particularly high
mutation rate [52], and encodes proteins involved in
energy metabolism. The observation that mitochondrial
DNA in CTVT is not clonal, but rather appears to have
been acquired by periodic horizontal transfer from dogs,
suggests that replacement of CTVT mitochondrial DNA,
which presumably was carrying large numbers of possibly
deleterious mutations, provided a selective advantage to
the lineage (although we cannot exclude the possibility
that CTVT acquired host mitochondrial DNA via purely
neutral processes) [56]. Shuttling of mitochondria between cells may be more common than previously appreciated, as mitochondrial DNA has been observed to
exchange between human cells in vitro as well as between
normal and cancer mouse cells in vivo [57,58]. Although
horizontal DNA transfer is in general a rare phenomenon
in the animal kingdom, it has been occasionally described
[59]. In one interesting example, horizontal DNA transfer
was observed in ancient asexual bdelloid rotifers, and it
was suggested that capture of environmental DNA may
compensate for absence of sexual recombination and loss
of gene function due to mutation [60,61].
Influencing each other

Parasites sometimes directly influence their hosts’ behaviour or physiology so as to optimise transmission to new
hosts [62]. Given that CTVT has co-existed with its host
for millennia, one could speculate that it may have
acquired mechanisms to manipulate its hosts’ sexual
receptiveness, oestrus cycle timing or smell preferences
to enhance its chances of transmission. Interestingly, it
appears that oestrogen receptor expression differs between the vaginal epithelium of CTVT-affected females
and control females during certain stages of the oestrus
cycle, suggesting that CTVT may modulate the local
tissue environment [63]. Furthermore, there is evidence
that CTVT may stimulate erythropoietin production by
its host, or possibly directly produce erythropoietin via a
paraneoplastic process [14]; a consequent production of
red blood cells may compensate for blood loss via tumour
bleeding, thus protecting its host from anaemia. Given
that they carry a conspecific genome, transmissible cancers may be uniquely placed to directly manipulate the
biology of their hosts.

The genome and biology of CTVT have started to
illuminate how this particular cancer has become transmissible, and future research may reveal fundamental
features that drive cancers to become long-lived parasites.
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We thank Máire Lawlor for helpful discussions and critical reading of the
manuscript. This work is supported by a grant from the Wellcome Trust
(102942/Z/13/A), a grant from the National Science Foundation (DEB1316549), a Royal Society Research Grant (RG130615), an Eric Guiler
Tasmanian Devil Research Grant from the University of Tasmania
Foundation and a Philip Leverhulme Prize awarded by the Leverhulme
Trust.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest
1.


Murchison EP, Wedge DC, Alexandrov LB, Fu B, Martincorena I,
Ning Z, Tubio JM, Werner EI, Allen J, De Nardi AB et al.:
Transmissible dog cancer genome reveals the origin and
history of an ancient cell lineage. Science 2014, 343:437-440.
Describes the sequencing and analysis of two CTVT genomes. The
authors found that CTVT has acquired approximately 1.9 million somatic
substitution mutations and bears evidence of exposure to ultraviolet light.
Despite the presence of extensive aneuploidy, the two CTVT tumours
were found to be remarkably genetically similar. CTVT was shown to have
first originated from a dog with low genomic heterozygosity that may have
lived about 11 000 years ago.

2.


Murgia C, Pritchard JK, Kim SY, Fassati A, Weiss RA: Clonal
origin and evolution of a transmissible cancer. Cell 2006,
126:477-487.
An important study confirming that the agent causing CTVT is the tumour
cell itself. The authors analysed CTVT tumours and matched hosts across
a panel of genetic markers including major histocompatibility (MHC)
genes, microsatellites and mitochondrial DNA. They showed that, in each
case, the tumour is genetically different from its host, but that all the
tumours share a single clonal origin around 200 to 2500 years ago.

3.


Rebbeck CA, Thomas R, Breen M, Leroi AM, Burt A: Origins and
evolution of a transmissible cancer. Evolution 2009, 63:23402349.
This study uses microsatellite length differences and microarray-based
comparative genomic hybridization (aCGH) to determine evolutionary
relationships between CTVT samples from different continents. The
analysis revealed remarkable similarity between all CTVT tumours. Additionally, the study indicated that the tumour arose from either dogs or
wolves more than 6000 years ago. The common ancestor of today’s CTVT
tumours was, however, found to live within the last few hundred years.
4.

Blaine DP: A domestic treatise on the diseases of horses and
dogs. London. T. Boosey 1810.

5.

Katzir N, Rechavi G, Cohen JB, Unger T, Simoni F, Segal S,
Cohen D, Givol D: ‘‘Retroposon’’ insertion into the cellular
oncogene c-myc in canine transmissible venereal tumor. Proc
Natl Acad Sci USA 1985, 82:1054-1058.

6.

Nowinsky MA: On the question of innoculation of malignant
neoplasms (experimental study) (from Russian). Arkhiv
Veterinarskikh Nauk 1877, 7:129-163.

7.

Weber WT, Nowell PC, Hare WC: Chromosome studies of a
transplanted and a primary canine venereal sarcoma. J Natl
Cancer Inst 1965, 35:537-547.

8.

Strakova A, Murchison EP: The changing global distribution and
prevalence of canine transmissible venereal tumour. BMC Vet
Res 2014, 10:168.

9.

Thomas R, Rebbeck C, Leroi AM, Burt A, Breen M: Extensive
conservation of genomic imbalances in canine transmissible
venereal tumors (CTVT) detected by microarray-based CGH
analysis. Chromosome Res 2009, 17:927-934.

Conclusion
Transmissible cancers are very rare in nature; indeed,
naturally occurring transmissible cancers have been described only twice. Given that cancer itself is a common
condition, both in humans and animals, it is clear that
there is a very low probability for a cancer to develop into
a transmissible form. In order to become transmissible, a
cancer must acquire adaptations both to support the
physical transmission of living cancer cells between hosts,
and to escape the immune system within an allogeneic
host. Once transmissible, a cancer must acquire a genome
configuration that is compatible with long-term survival.
www.sciencedirect.com

Current Opinion in Genetics & Development 2015, 30:49–55

54 Cancer genomics

10. Marchal T, Chabanne L, Kaplanski C, Rigal D, Magnol JP:
Immunophenotype of the canine transmissible venereal
tumour. Vet Immunol Immunopathol 1997, 57:1-11.

32. Rosenberg AS, Singer A: Cellular basis of skin allograft
rejection: an in vivo model of immune-mediated tissue
destruction. Annu Rev Immunol 1992, 10:333-358.

11. Mozos E, Mendez A, Gomez-Villamandos JC, Martin De Las
Mulas J, Perez J: Immunohistochemical characterization
of canine transmissible venereal tumor. Vet Pathol 1996,
33:257-263.

33. Hsiao YW, Liao KW, Hung SW, Chu RM: Effect of tumor
infiltrating lymphocytes on the expression of MHC molecules
in canine transmissible venereal tumor cells. Vet Immunol
Immunopathol 2002, 87:19-27.

12. Stratton MR, Campbell PJ, Futreal PA: The cancer genome.
Nature 2009, 458:719-724.

34. Siddle HV, Kreiss A, Tovar C, Yuen CK, Cheng Y, Belov K, Swift K,

Pearse AM, Hamede R, Jones ME et al.: Reversible epigenetic
down-regulation of MHC molecules by devil facial tumour
disease illustrates immune escape by a contagious cancer.
Proc Natl Acad Sci USA 2013, 110:5103-5108.
A paper showing that Tasmanian devil facial tumour disease (DFTD) cells
do not express cell surface major histocompatibility complex (MHC)
molecules in vitro or in vivo, as a result of down-regulation of genes
belonging to the antigen-processing pathway. Lack of gene expression is
due to epigenetically controlled regulatory changes.

13. Hanahan D, Weinberg RA: Hallmarks of cancer: the next
generation. Cell 2011, 144:646-674.
14. Cohen D: The canine transmissible venereal tumor: a unique
result of tumor progression. Adv Cancer Res 1985, 43:75-112.
15. Ganguly B, Das U, Das AK: Canine transmissible venereal
tumour: a review. Vet Comp Oncol 2013 http://dx.doi.org/
10.1111/vco.12060.
16. Perez J, Bautista MJ, Carrasco L, Gomez-Villamandos JC,
Mozos E: Primary extragenital occurrence of transmissible
venereal tumors: three case reports. Canine Pract 1994,
19:7-10.
17. Ginel PJ, Molleda JM, Novales M, Martin E, Margarito JM,
Lopez R: Primary transmissible venereal tumor in the nasal
cavity of a dog. Vet Rec 1995, 136:222-223.
18. Brown NO, Calvert C, MacEwen EG: Chemotherapeutic
management of transmissible venereal tumors in 30 dogs. J
Am Vet Med Assoc 1980, 176:983-986.
19. Thacher C, Bradley RL: Vulvar and vaginal tumors in the dog: a
retrospective study. J Am Vet Med Assoc 1983, 183:690-692.
20. Mello Martins MI, Ferreira de Souza F, Gobello C (Eds): Canine
Transmissible Venereal Tumor: Etiology, Pathology, Diagnosis and
Treatment. Ithaca, NY: International Veterinary Information
Service; 2005.
21. Pearse AM, Swift K: Allograft theory: transmission of devil
facial-tumour disease. Nature 2006, 439:549.
22. Hamede RK, McCallum H, Jones M: Biting injuries and
transmission of Tasmanian devil facial tumour disease. J Anim
Ecol 2013, 82:182-190.
23. Banfield WG, Woke PA, Mackay CM, Cooper HL: Mosquito
transmission of a reticulum cell sarcoma of hamsters. Science
1965, 148:1239-1240.
24. Brindley DC, Banfield WG: A contagious tumor of the hamster. J
Natl Cancer Inst 1961, 26:949-957.
25. Cooper HL, Mackay CM, Banfield WG: Chromosome studies of a
contagious reticulum cell sarcoma of the Syrian hamster. J
Natl Cancer Inst 1964, 33:691-706.
26. Kauffman HM, McBride MA, Cherikh WS, Spain PC, Delmonico FL:
Transplant tumor registry: donors with central nervous system
tumors. Transplantation 2002, 73:579-582.
27. Gartner HV, Seidl C, Luckenbach C, Schumm G, Seifried E,
Ritter H, Bultmann B: Genetic analysis of a sarcoma
accidentally transplanted from a patient to a surgeon. N Engl J
Med 1996, 335:1494-1496.
28. Tolar J, Neglia JP: Transplacental and other routes of cancer
transmission between individuals. J Pediatr Hematol Oncol
2003, 25:430-434.
29. Sala-Torra O, Hanna C, Loken MR, Flowers ME, Maris M,
Ladne PA, Mason JR, Senitzer D, Rodriguez R, Forman SJ et al.:
Evidence of donor-derived hematologic malignancies after
hematopoietic stem cell transplantation. Biol Blood Marrow
Transpl 2006, 12:511-517.

35. Cohen D, Shalev A, Krup M: Lack of beta 2-microglobulin on the
surface of canine transmissible venereal tumor cells. J Natl
Cancer Inst 1984, 72:395-401.
36. Yang TJ, Chandler JP, Dunne-Anway S: Growth stage
dependent expression of MHC antigens on the canine
transmissible venereal sarcoma. Br J Cancer 1987, 55:131-134.
37. Algarra I, Collado A, Garrido F: Altered MHC class I antigens in
tumors. Int J Clin Lab Res 1997, 27:95-102.
38. Brown GK, Kreiss A, Lyons AB, Woods GM: Natural killer cell
mediated cytotoxic responses in the Tasmanian devil. PLoS
One 2011, 6:e24475.
39. Hsiao YW, Liao KW, Hung SW, Chu RM: Tumor-infiltrating
lymphocyte secretion of IL-6 antagonizes tumor-derived TGFbeta 1 and restores the lymphokine-activated killing activity. J
Immunol 2004, 172:1508-1514.
40. Hsiao YW, Liao KW, Chung TF, Liu CH, Hsu CD, Chu RM:
Interactions of host IL-6 and IFN-gamma and cancer-derived
TGF-beta1 on MHC molecule expression during tumor
spontaneous regression. Cancer Immunol Immunother 2008,
57:1091-1104.
41. Liu CC, Wang YS, Lin CY, Chuang TF, Liao KW, Chi KH, Chen MF,
Chiang HC, Chu RM: Transient downregulation of monocytederived dendritic-cell differentiation, function, and survival
during tumoral progression and regression in an in vivo canine
model of transmissible venereal tumor. Cancer Immunol
Immunother 2008, 57:479-491.
42. Cohen D: The biological behaviour of the transmissible
venereal tumour in immunosupressed dogs. Eur J Cancer 1973,
9:253-258.
43. Yang TJ, Jones JB: Canine transmissible venereal sarcoma:
transplantation studies in neonatal and adult dogs. J Natl
Cancer Inst 1973, 51:1915-1918.
44. Epstein RB, Bennett BT: Histocompatibility typing and course
of canine venereal tumors transplanted into unmodified
random dogs. Cancer Res 1974, 34:788-793.
45. Karlson AG, Mann FC: The transmissible venereal tumor of
dogs: observations on forty generations of experimental
transfers. Ann N Y Acad Sci 1952, 54:1197-1213.
46. Wade H: An experimental investigation of infective sarcoma of
the dog, with a consideration of its relationship to cancer. J
Pathol Bacteriol 1908, 12:384-425.
47. Amber EI, Henderson RA, Adeyanju JB, Gyang EO: Single-drug
chemotherapy of canine transmissible venereal tumor with
cyclophosphamide, methotrexate, or vincristine. J Vet Intern
Med 1990, 4:144-147.
48. Bellingham Smith G, Washbourn JW: Infective venereal tumours
in dogs. J Pathol Bacteriol 1898, 5:99-110.

30. Moore AE, Rhoads CP, Southam CM: Homotransplantation of
human cell lines. Science 1957, 125:158-160.

49. Taylor Bennett B, Taylor Y, Epstein R: Segregation of the clinical
course of transmissible venereal tumor with DL-A haplotypes
in canine families. Transpl Proc 1975, 7:503-505.

31. Strauss DC, Thomas JM: Transmission of donor melanoma by
organ transplantation. Lancet Oncol 2010, 11:790-796.

50. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S,
Biankin AV, Bignell GR, Bolli N, Borg A, Borresen-Dale AL et al.:

Current Opinion in Genetics & Development 2015, 30:49–55

www.sciencedirect.com

11 000 year-old cancer genome Strakova and Murchison 55

Signatures of mutational processes in human cancer. Nature
2013, 500:415-421.
51. Campbell PJ, Pleasance ED, Stephens PJ, Dicks E, Rance R,
Goodhead I, Follows GA, Green AR, Futreal PA, Stratton MR:
Subclonal phylogenetic structures in cancer revealed by ultradeep sequencing. Proc Natl Acad Sci USA 2008, 105:1308113086.
52. Ju YS, Alexandrov LB, Gerstung M, Martincorena I, Nik-Zainal S,
Ramakrishna M, Davies HR, Papaemmanuil E, Gundem G,
Shlien A et al.: Origins and functional consequences of somatic
mitochondrial DNA mutations in human cancer. Elife 2014:3.
53. McFarland CD, Korolev KS, Kryukov GV, Sunyaev SR, Mirny LA:
Impact of deleterious passenger mutations on cancer
progression. Proc Natl Acad Sci USA 2013, 110:2910-2915.
54. Sofuni T, Makino S: A supplementary study on the
chromosomes of veneral tumors of the dog. Gann 1963,
54:149-154.

57. Spees JL, Olson SD, Whitney MJ, Prockop DJ: Mitochondrial
transfer between cells can rescue aerobic respiration. Proc
Natl Acad Sci USA 2006, 103:1283-1288.
58. Tan AS, Baty JW, Dong LF, Bezawork-Geleta A, Endaya B,

Goodwin J, Bajzikova M, Kovarova J, Peterka M, Yan B et al.:
Mitochondrial genome acquisition restores respiratory
function and tumorigenic potential of cancer cells without
mitochondrial DNA. Cell Metab 2015, 21:81-94.
The authors report that cancer cells lacking mitochondrial DNA show
delayed tumour growth when transplanted into syngeneic mice, and that
capture of mitochondrial DNA from host cells appears to promote the
formation of tumours.
59. Keeling PJ, Palmer JD: Horizontal gene transfer in eukaryotic
evolution. Nat Rev Genet 2008, 9:605-618.
60. Gladyshev EA, Meselson M, Arkhipova IR: Massive horizontal

gene transfer in bdelloid rotifers. Science 2008, 320:1210-1213.
A paper describing horizontal gene transfer in asexual bdelloid rotifers
(small freshwater invertebrates lacking sexual reproduction) and suggesting this to be of importance in bdelloid evolution.

55. Adey A, Burton JN, Kitzman JO, Hiatt JB, Lewis AP, Martin BK,

Qiu R, Lee C, Shendure J: The haplotype-resolved genome and
epigenome of the aneuploid HeLa cancer cell line. Nature 2013,
500:207-211.
In this study, the authors sequenced the genome of the HeLa CCL-2 cell
line, and analysed variation and copy-number profiles in nine additional
HeLa strains. The results revealed that the HeLa genome is relatively
stable in terms of point mutation, with relatively few new mutations arising
since the divergence of different strains.

62. Poulin R: Parasite manipulation of host personality and
behavioural syndromes. J Exp Biol 2013, 216:18-26.

56. Rebbeck CA, Leroi AM, Burt A: Mitochondrial capture by a
 transmissible cancer. Science 2011, 331:303.
The authors constructed a phylogeny of mitochondrial sequences from
dogs, wolves and CTVT tumours and discovered that CTVT mitochondrial
genomes do not share a clonal origin. The authors therefore suggest that
CTVT has occasionally captured mitochondrial DNA from its hosts.

63. de Brito CP, de Oliveira CM, Soares FA, Faustino M, de
Oliveira CA: Immunohistochemical determination of estrogen
receptor-alpha in vaginal and tumor tissues of healthy and
TVT-affected bitches and their relation to serum
concentrations of estradiol-17beta and progesterone.
Theriogenology 2006, 66:1587-1592.

www.sciencedirect.com

61. Boschetti C, Carr A, Crisp A, Eyres I, Wang-Koh Y, Lubzens E,
Barraclough TG, Micklem G, Tunnacliffe A: Biochemical
diversification through foreign gene expression in bdelloid
rotifers. PLoS Genet 2012, 8:e1003035.

Current Opinion in Genetics & Development 2015, 30:49–55

