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Abstract

Canine transmissible venereal tumor (CTVT) isthe oldest known somatic cell lineage. It isa
transmissible cancer that propagates naturally in dogs. We sequenced the genomes of two CTVT
tumors and found that CTVT has acquired 1.9 million somatic substitution mutations and bears
evidence of exposure to ultraviolet light. CTVT isremarkably stable and lacks subclonal
heterogeneity despite thousands of rearrangements, copy number changes and retrotransposon
insertions. More than 10,000 genes carry hon-synonymous variants and 646 genes have been lost.
CTVT first arose in adog with low genomic heterozygosity that may have lived approximately
11,000 years ago. The cancer spawned by thisindividual dispersed across continents
approximately 500 years ago. Our results provide a genetic identikit of an ancient dog and
demonstrate the robustness of mammalian somatic cells to survive for millennia despite a massive
mutation burden.

Canine transmissible venereal tumor (CTVT) isanaturally occurring transmissible cancer. It
isaclona cell lineage that spreads within the domestic dog population by the allogeneic
transfer of living cancer cells, usually during coitus. The disease manifestsitself with the
appearance of tumors most often associated with the external genitalia of male and female
dogs. Thefirst known report of CTVT was made in 1810 when it was described by a
London veterinary practitioner as *an ulcerous state, accompanied with afungous
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excrescence” which arisesin “organs concerned in generation” (1). It has subsequently been
reported in dog populations worldwide (2, 3) and is, to our knowledge, the oldest and most
widely disseminated cancer in the natural world.

We sequenced the genomes of two CTVT tumors, collected in Maningrida, Australia (24T)
and Franca, Brazil (79T), aswell as the genomes of their respective hosts 24H, an
Aboriginal Camp Dog, and 79H, an American Cocker Spaniel (Fig. 1A). We also prepared
metaphases for cytogenetic analysis from two CTVTs collected in Cape Verde and Italy.

M etaphase fluorescence in situ hybridization (FISH) using red fox chromosomes as probes
revealed massive karyotypic rearrangement in the CTVT genome which was highly
consistent between the two tumors analyzed (Fig. 1B). Despite the aneuploidy in CTVT
detected using cytogenetics, copy number analysis revealed that the genome islargely
diploid (including alarge proportion of the genome that is diploid with loss of
heterozygosity (LOH)) and that there has been minimal change in copy humber statusin
either the 24T or 79T lineages since their divergence (Fig. 1C, Tables S1 and S2). In
contrast to human tumors, most of which contain several detectable subclones (4),
presumably due to positive selection for newly acquired mutations conferring selective
advantage (5), we found no evidence for subclonality in CTVT metaphases or copy humber
plots. This suggests that CTVT is not undergoing positive selection at high frequency,
possibly indicating that it is well adapted to its niche.

CTVT s massive burden of karyotypic abnormalities despiteits largely diploid genomic
copy number indicates that the genome has undergone large-scale copy neutral structural
rearrangement. We found 2,118 candidate somatic structura variants that were shared
between 24T and 79T, and 216 and 72 candidate somatic structural variantsin 24T and 79T
respectively that were unique to one tumor. We also searched for evidence of transposon
mobilization in CTVT. We found 348 and 352 transposon insertions (involving both LINE
and SINE elements) that were unique to 24T and 79T respectively, and are thus likely to
represent somatic retrotransposition events that occurred after the divergence of 24T and
79T.

Weidentified 3.04 million substitution variantsin 24T and 2.77 million in 79T after
removing al single nucleotide polymorphisms (SNPs) known to segregate in the dog or wolf
germline (including those identified in 24H or 79H). These variants will include somatic
mutations as well as SNPs that have not been captured in previous canine sequencing
efforts. We estimated the true number of somatic substitution mutationsin CTVT by
calculating the ratio of homozygous to heterozygous known SNPs in diploid regions that
retain both parental chromosomes. Assuming that all homozygous variants in these regions
are SNPs, we were able to estimate the number of unannotated heterozygous SNPs in each
diploid segment using the homozygous to heterozygous ratio amongst annotated SNPs. This
analysisindicated that at least 65% of unannotated variantsin CTVT are likely to be
somatic, corresponding to atotal of ~1.9 million somatic mutationsin CTVT. 103,667 and
109,119 variants were unique to 24T and 79T respectively, the magjority of which probably
arose as somatic mutations after the two tumors' divergence as only 2,056 and 5,647 of
these respectively occur in regions that have been lost in the other tumor. Although arange
of total mutation counts are observed in human cancers, the majority have between 1,000
and 5,000 somatic single base substitution mutations (6). Thus CTVT has acquired severa
hundred times more somatic mutations than most human cancers.

To ascertain the processes responsible for the mutationsin CTVT, we characterized CTVT's
mutational spectrum and searched for known mutational signatures (6) inthe CTVT
genomes. The CTVT mutation spectrum was dominated by C>T (or G>A) mutations and
CC>TT (or GG>AA) dinucleotide mutations (Fig. 2A and 2B). Four mutational signatures
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wereidentified in CTVT (labelled A to D, Fig. 2C), which were sufficient to explain 98% of
the mutationsin CTVT (0.96 Pearson correl ation between the mutation set observed in
CTVT and the mutation set reconstructed using four mutational signatures). The chemical
events associated with some of these mutational signatures have been characterized.
Signature A is associated with germline SNPs, and its contribution to CTV T variant sets
probably reflects incomplete removal of germline inherited variants. Signature B defines the
mutational signature characterized by C>T at CpG dinucleotides that iswidely found in
human cancers and is known to be correlated with patient age (6). Signature C (known as
signature 5in (6)) is aso frequently present in a spectrum of human cancers, however its
etiology is unknown (6). Signature D, which is characterized by C>T and CC>TT mutations,
and in humans is predominantly observed in cancers of the skin and is known to be
associated with exposure to ultraviolet light (6), explains 42% of the mutationsin CTVT.
These observations suggest that CTV T has been exposed at alow level to ultraviolet light
during its evolution. Although CTVT tumors usually occur inside the genital orifice, they
may be exposed to sunlight when they protrude from the vulva, ulcerate through preputial
skin or occur on external surfaces such as the skin or conjunctiva (for example, see 24T and
79T, Fig. 1A). Furthermore, it isthe very cells that are exposed on the surface of atumor
that are most likely to propagate the CTVT lineage by passage to new hosts.

More than 10,000 genes (10,955 in 24T and 10,546 in 79T) in CTVT carry at least one non-
synonymous substitution variant that is not a known germline SNP. Table S3 lists those
genes that we consider to be the highest confidence driver mutationsin CTVT. These
include a known rearrangement involving MYC (7), homozygous deletion of CDKN2A, a
hemizygous nonsense mutation in SETD2 and a rearrangement involving ERG which creates
apotential in-frame NEK1-ERG fusion gene. A census of genes that have been lost in CTVT
by homozygous deletion or hemizygous nonsense mutation indicated that at |east 646 genes,
2.8% of the 22,874 protein-coding genes annotated in the dog genome, are collectively
dispensable for survival and proliferation of asomatic cell (Table $4).

We next sought to reconstruct the phenotype of the CTVT Founder Animal and to estimate
the age of the cancer that it spawned using the variants found in the CTVT genome. We
compared the genotypes of 24T and 79T, aswell as 24H and 79H, at 23,782 polymorphic
SNP loci with those of 1,106 previously genotyped dogs, wolves and coyotes (8, 9). The
result, displayed using principal components analysis (Fig. 3A), indicates that the CTVT
Founder Animal was likely to have been a dog belonging to one of the “ Ancient Breeds”
(previous analyses were unable to distinguish between awolf or an “Ancient Breed” dog
origin (10)). Analysis of a pairwise distance tree indicated that, of the 86 breeds included in
the analysis (9), the CTVT Founder Animal clusters most closely with Alaskan Malamutes
and Huskies (11 Alaskan Maamutes have >95% probability after resampling genotypes of
having one of the 16 genotypes closest to CTVT) (Fig. 3B and Table S5). As expected, 79H
clustered most closely with Cocker Spaniels within the modern breeds (>95% probability
after resampling that each of the six closest genotypes are English Cocker Spaniels) (Fig. 3A
and 3B and Table S5). 24H, an Aboriginal Camp Dog, appears to have genetic contribution
from both ancient and modern breeds (Fig. 3A and 3B and Table S5).

Recent studies have mapped severa loci conferring canine phenotypic features, such as coat
color, morphology and behavior (11-21). We examined the sequence of CTVT at a number
of these loci to determine the likely phenotype of the Founder Animal (Table S6). Our
analysisindicated that the Founder Animal was likely to have been of medium or large size
with an agouti or solid black coat. It carried a mixture of “wolf-like” and “dog-like” aleles
at loci that have been linked to dog domestication (21). 24T and 79T each carried asingle X
chromosome and had no evidence of aY chromosome, as found in a previous anaysis (22).
Thisis consistent with either amale (after somatic Y chromosome loss) or afemale (after
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somatic X chromosome loss) Founder Animal (Fig. 3C). Analysis of genome-wide
heterozygosity indicated that the Founder Animal was relatively inbred (Fig. 3D).

Previous studies have estimated that CTVT is between 200 and 70,000 years old (10, 23).
We sought to clarify the age of CTV T using the mutations associated with mutational
signature B (Fig. 2C), which is correlated with patient age at diagnosisin many cancer types
(6, 24). We estimated that 492,533 mutationsin CTVT are likely to have been caused by this
mutational process. Using the mutation rate of signature B in human medulloblastoma as a
molecular clock (43.3 mutations of this signature genome-wide per year; we chose
medulloblastoma because it is the human cancer with the closest correlation between
number of mutations of this signature and patient age (6)), we estimate that CTVT may have
first arisen approximately 11,368 years ago (lower and upper confidence intervals 10,179
and 12,873 years respectively). There is uncertainty in this estimate introduced by the
possibilities that the accumulation of mutations of this signature is not clock-like in CTVT
or that there are tissue or species specific differences in the rate of mutation accumulation
between CTVT and human medulloblastoma. Applying this molecular clock to the
mutations that occurred after divergence of the two tumors, we suggest that the most recent
common ancestor of 24T and 79T may have existed approximately 460 years ago (458.2
yearsfor 24T, 459.8 yearsfor 79T) (Fig. 3E). It isinteresting that the estimated timing of
this divergence coincides with the era of rapid human global exploration.

The Founder Animal whose somatic cellsfirst gaveriseto CTVT was an “Ancient Breed”
dog that may have lived about 11,000 years ago. The date of CTV T emergence together with
the structure of its phylogenetic tree (23) and evidence for both wolf-like and dog-like
alleles at loci associated with domestication is consistent with the possibility that CTVT may
have first arisen within a genetically isolated population of early dogs whose limited genetic
diversity facilitated the cancer’s escape from its hosts' immune systems. Similarly, the
Tasmanian devil facial tumor disease, the only other known naturally occurring clonally
transmissible cancer, arose in an island population with low genetic diversity (25, 26).
Populations with limited genetic diversity may be particularly susceptible to the emergence
and spread of transmissible cancers.

The CTVT genome has illuminated the origins, history and evolution of the world’ s oldest
known cancer. It is remarkable that a somatic genome whose DNA would normally have
survived for no more than 15 years during the life of one dog has continued to exist for
several millennia as aparasitic life form. CTVT’ s survival and global dominanceisa
testament to the ability of the mammalian somatic cell genome to adapt to and persist in a
new ecological niche.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CTVT tumors, karyotypes and copy humber

(A) Samples sequenced in this study. Both tumor (24T, 79T) and host (24H, 79H) DNA was
sequenced from the two individual s shown.

(B) Multiplex FISH using red fox probesto investigate karyotypes of anormal female dog
(left) and CTVTs collected in Cape Verde (center) and Italy (right).

(C) CTVT genomic copy number for 24T (upper panel) and 79T (lower panel). Red and
blue points represent total copy number and minor copy number (i.e. copy humber of the
allele present in fewer copies) respectively calculated using normalized read counts at each
of 2,544,508 SNP loci. Chromosomes are represented by horizontal alternating black and
gray bars.
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Figure2. CTVT mutations

Analyses were performed on a set of 395,306 CTVT variants that were annotated as somatic
due to their heterozygous status within genomic regions that have undergone both loss of
heterozygosity (LOH) and duplication.

(A) Simple mutation spectrum in CTVT. Mutations are labelled in pyrimidine context.

(B) Dinucleotide mutation spectrum in CTVT. The “first base” was defined as the mutation
with the lower chromosome coordinate and the “ second base” isimmediately adjacent to the
first base on the same strand. The strand is displayed relative to the pyrimidine context of
the first base. 3,518 dinucleotide mutations were included in the analysis.

(C) The proportion of mutationsin CTVT explained by mutational signatures A to D.
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Figure 3. Tracing the CTVT Founder Animal

(A) Principal component analysis of 1,106 wolves, dogs and coyotes using genotypes at
23,782 polymorphic SNP loci (8, 9). Each individual is represented by a single colored dot
and positions of CTVT (inferred from the genotypes of 24T and 79T), 24H and 79H are
indicated. Breeds were classified as Modern or Ancient according to (27).

(B) Positions of CTVT (left), 24H (center) and 79H (right) on pairwise distance tree
comparing genotypes at 23,782 SNP loci with 1,106 other dogs, wolves and coyotes (8, 9).
Only the closest breedsto CTVT, 24H and 79H are shown. Breeds containing members that
most strongly clustered with CTVT and 79H after genotype resampling are marked with red
text and * (see Table S5, 24H did not cluster strongly with individuals from any single
breed). NGSD, New Guinea Singing Dog.

(C) Sex chromosome copy number of 24H (afemale dog), 79H (amale dog), 24T and 79T
determined by counting the number of reads aligning to X and Y chromosomes and
normalized to 79H. Y chromosome readsin 79T are likely to be derived from contaminating
host DNA.
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(D) Proportion of annotated SNP loci in germline diploid regions that are heterozygousin

24H, 79H, 24T and 79T.
(E) Timelinefor CTVT origin and divergence.
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