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Clonally transmissible cancers in dogs 
and Tasmanian devils 
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Clonal evolution of cancer 

Adapted from Nowell, Science, 194 (4260):23-26, 1976 
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Clonally transmissible cancer 
•  Tasmanian devil facial tumour disease (DFTD) 
•  Canine transmissible venereal tumour (CTVT) 

Host 1 

Host 2 

Host 3 Host 4 



Transmissible cancers in devils and dogs 

To use genomics to 
understand 

•  Origin 
•  Diversity 
•  History 
•  Evolution   
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Tasmanian devil 
Sarcophilus harrisii 
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Photo: Rodrigo Hamede 



Photo: Tasmanian Department of Primary Industries, Parks, Water and the Environment 



Photo: Christo Baars 
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Photo: Christo Baars, 1996 



1996 
Adapted from Hawkins et al, Biol Conserv 131:307-24, 2006 



2000 
Adapted from Hawkins et al, Biol Conserv 131:307-24, 2006 



2002 
Adapted from Hawkins et al, Biol Conserv 131:307-24, 2006 



2003 
Adapted from Hawkins et al, Biol Conserv 131:307-24, 2006 



2004 
Adapted from Hawkins et al, Biol Conserv 131:307-24, 2006 



2013 
Adapted from Hawkins et al, Biol Conserv 131:307-24, 2006 



2013 
Adapted from Hawkins et al, Biol Conserv 131:307-24, 2006 

95%	  popula*on	  
decline	  

>80%	  popula*on	  
decline	  



Loh et al, Vet Pathol, 43:890 - 895, 2006 

“Tasmanian Devil Facial Tumour Disease” (DFTD) 
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Pearse and Swift, Nature, 439 (7076):549, 2006 



Normal devil 

Tumour 1 

Tumour 2 

Tumour 3 

Tumour 4 

Anne-Maree Pearse, Unpublished 



Photo: Christo Baars 



Predictions…. 

•  If the devil’s cancer is spread by living 
cancer cells then 
– All the cancers should be genetically identical 
– The cancers should be genetically different to 

their hosts 
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Microsatellite genotyping 



Microsatellite genotyping 



Tumours Hosts 

Devil tumours are genetically identical  

Murchison et al, Science, 327:84-7, 2010 
Siddle et al, PNAS, 104 (41):16221-16226, 2007 



DFTD founder devil 



DFTD founder devil 



DFTD founder devil 



DFTD founder devil 



Image from Loh et al, Vet Pathol, 43:890 - 895, 2006 



Wellcome Image Library 



Tasmanian devil reference genome 

“Salem”: Female Tasmanian devil 

Illumina paired end sequencing 

De novo assembly 
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http://www.ensembl.org/Sarcophilus_harrisii 



DFTD founder devil 

Sequencing the DFTD genome 



The DFTD genome 

DFTD founder devil 

Germline variants 

Somatic variants 



The DFTD genome 

DFTD founder devil 

Germline variants 

Somatic variants 

Phylogeography 



How many somatic mutations are 
present in DFTD? 



Narawntapu, 2007 

Forestier  
Peninsula, 
2007 

Tasmanian devil cancer genome 
sequencing 



DFTD genome sequencing 

~2 x 109  paired end sequence reads  

100 bp 100 bp ~200 bp 



DFTD genome analysis 

Devil reference sequence 

DFTD  
sequence reads 



ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 

DFTD variant calling 

Devil reference sequence ATCTTCGGAGTACTTCTAGTACTAAGCGTAAGATACAACAG 

ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 

ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 

||||||||||||||| ||||||||||||||||||||||||| 

DFTD  
sequence reads 



ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 

DFTD variant calling 

Devil reference sequence ATCTTCGGAGTACTTCTAGTACTAAGCGTAAGATACAACAG 

ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 

ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTATAGTACTAAGCGTAAGATACAACAG 

||||||||||||||| ||||||||||||||||||||||||| 

Narawntapu DFTD  
sequence reads 

ATCTTCGGAGTACTTCTAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTCTAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTCTAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTCTAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTCTAGTACTAAGCGTAAGATACAACAG 
ATCTTCGGAGTACTTCTAGTACTAAGCGTAAGATACAACAG 

Forestier DFTD  
sequence reads 

ATCTTCGGAGTACTTCTAGTACTAAGCGTAAGATACAACAG 



Narawntapu, 2007 

Forestier  
Peninsula, 
2007 

Tasmanian devil cancer genomes 

~17,000 somatic mutations 

~17,000 somatic mutations 



Narawntapu, 2007 

Forestier  
Peninsula, 
2007 

Tasmanian devil cancer genomes 

< 20,000 somatic mutations 



DFTD founder devil 

DFTD founder devil 



Gender of the founder devil 

Pearse & Swift, Nature, 2006 



Gender of the founder devil 

Y chromosome 

Pearse & Swift, Nature, 2006 



Gender of the founder devil 

Y chromosome 
X chromosome 

Pearse & Swift, Nature, 2006 



Summary 

Murchison et al Cell  148:1-12(2012) 

DFTD founder devil 



DFTD founder devil 

Cancer phylogeography 



Samples	  Devil samples 











Summary 





What’s next for the Tasmanian devil? 

•  Captive breeding programs 
•  Restrict disease spread in 

the wild 
•  Future research 

–  Monitor DFTD genetic 
diversity and evolution 

–  DFTD host interaction 
–  DFTD vaccines and therapies 

Photo: Save the Tasmanian Devil Program 



Canine transmissible venereal tumour 

Photo: Ted Donelan 



Canine transmissible venereal tumour 
(CTVT) 

Male 
Female 

Ted Donelan 
Gabriele Marino 



CTVT worldwide distribution 

Andrea Strakova 



CTVT is a single somatic cell 
lineage with a global distribution 

•  Transplantation experiments 
 (Nowinsky, 1876; Sticker, 1904) 

•  Karyotype 
 (Murray et al, 1969; Oshimura et al 1973, Weber et al 1965, Wright 
et al, 1970) 

•  Genetics 
– LINE-1 insertion upstream of MYC 

       (Katzir et al, 1987) 

– Microsatellites, MHC  
       (Murgia et al, 2006; Rebbeck et al, 2009) 

 
 

 

 





Delabere Blaine, 1810 



Delabere Blaine, 1810 



•  CTVT lineage is at least 200 years old 
 
•  CTVT may be much older than this 

CTVT is the oldest known 
mammalian somatic cell lineage 

Murgia et al, Cell, 126:477-87, 2006; Rebbeck et al Evolution, 63(9):2340-9, 2009 



(Image	  from	  Albanese	  et	  al,	  Vet	  Dermatol,	  13:243	  -‐	  246,	  2002)	  



CTVT genome sequencing 



The CTVT genome 

Germline variants 

Somatic variants 

CTVT Founder 
animal 

(Image from Albanese et al, Vet Dermatol, 13:243 - 246, 2002) 



Identity of the CTVT founder 
animal 



Principal component analysis of 
dogs and wolves 

vonHoldt et al, Nature 364:898 (2010) 



Principal component analysis of 
dogs and wolves 

vonHoldt et al, Nature 364:898 (2010) 



Principal component analysis of 
dogs and wolves 

vonHoldt et al, Nature 364:898 (2010) 



Principal component analysis of 
dogs and wolves 

vonHoldt et al, Nature 364:898 (2010) 



CTVT founder phenotype 

Murgia et al, Cell, 126:477-87, 2006; Rebbeck et al Evolution, 63(9):2340-9, 2009 



PC1 (8.8%) 

PC
2 

(1
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%
) 

The CTVT founder 

With data from vonHoldt et al, Nature 364:898 (2010) and vonHoldt et al, Genome Research 21:1294 (2011) 
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The CTVT founder 
Modern breeds 

With data from vonHoldt et al, Nature 364:898 (2010) and vonHoldt et al, Genome Research 21:1294 (2011) 
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The CTVT founder 
Modern breeds 

“Ancient breeds” 

With data from vonHoldt et al, Nature 364:898 (2010) and vonHoldt et al, Genome Research 21:1294 (2011) 
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The CTVT founder 
Modern breeds 

“Ancient breeds” 

Wolves 

With data from vonHoldt et al, Nature 364:898 (2010) and vonHoldt et al, Genome Research 21:1294 (2011) 



PC1 (8.8%) 

PC
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The CTVT founder 
Modern breeds 

“Ancient breeds” 

Wolves 

Coyotes 

With data from vonHoldt et al, Nature 364:898 (2010) and vonHoldt et al, Genome Research 21:1294 (2011) 



PC1 (8.8%) 

PC
2 

(1
.7

%
) 

Modern breeds 

“Ancient breeds” 

Wolves 

Coyotes 

The CTVT founder was an “ancient breed” dog 

With data from vonHoldt et al, Nature 364:898 (2010) and vonHoldt et al, Genome Research 21:1294 (2011) 



Images downloaded from www.akc.org 



Founder dog phenotype 
Gene Variant CTVT 

genotype 
CTVT phenotype Reference 

ASIP 24:23,393,510/14TA>GG GG/GG Agouti coat Schmutz et al, 
2007 

FGF5 32:7,473,337G>T G/G Short hair Cadieu et al, 
2009 

KRT71 27:5,542,806C>T C/C Straight hair Cadieu et al, 
2009 

- 10:11,072,007C>T T/T Prick ears Vaysse et al, 
2011 

- 10:11,169,956C>T C/C Medium to large 
size 

Vaysse et al, 
2011 

BMP3 32:8,196,098C>A C/C Pointy snout Schoenebeck 
et al, 2012 

SLC1A2 18:35,681,332G>A G/G Less aggressive Takeuchi et 
al, 2009 

CDH2 7:63,867,472 C/C Lower risk of OCD Dodman et al, 
2010 



Artist: Emma Werner 



MGAM chr16:10,135,196C>T  V1001I 

C: Adaptation to starch-rich diet 
T: Meat-lover 



MGAM chr16:10,135,196C>T  V1001I 

C: Adaptation to starch-rich diet 
T: Meat-lover 

CTVT: T/T 



Artist: Emma Werner 



The CTVT genome 

Germline variants 

Somatic variants 

Images from Emma Werner and Albanese et al, Vet Dermatol, 13:243 - 246, 2002 
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Number of somatic mutations in CTVT 

(Images by Emma Werner and from Albanese et al, Vet Dermatol, 13:243 - 246, 2002) 

 
SOMATIC MUTATIONS 



Number of somatic mutations in CTVT 

2 – 2.5 million  
SOMATIC MUTATIONS 

(Images by Emma Werner and from Albanese et al, Vet Dermatol, 13:243 - 246, 2002) 



Variants in CTVT genomes 



Variants in CTVT genomes 

90% 
~2.2 million mutations 10% 

~200,000 mutations 

10% 
~200,000 mutations 



90% of mutations occurred before 
divergence of modern tumours 

Australia 

Brazil 

90% 

10% 



Age of CTVT 

90% 
10% 

Murgia et al, Cell, 126:477-87, 2006; Rebbeck et al Evolution, 63(9):2340-9, 2009 

Most recent 
common ancestor 
of modern CTVTs 

~200 – 2,000 years 



Age of CTVT 

90% 
10% 

Murgia et al, Cell, 126:477-87, 2006; Rebbeck et al Evolution, 63(9):2340-9, 2009 

Most recent 
common ancestor 
of modern CTVTs 

~200 – 2,000 years 

Founder lived  
2,000 to 20,000 

years ago 



For most of its history, CTVT was probably 
confined to an isolated dog population 

90% 
10% 

Murgia et al, Cell, 126:477-87, 2006; Rebbeck et al Evolution, 63(9):2340-9, 2009 

~200 – 2,000 years 

Founder lived  
2,000 to 20,000 

years ago 



What caused the mutations in 
CTVT? 



Mutation spectrum 

Data adapted from Pleasance et al Nature 463:184 (2010) and Pleasance et al Nature 463:191 (2010) 

Type of mutation can give clues as to processes that caused cancer 

Melanoma	   Lung	  cancer	  



Australian	  CTVT	   Brazilian	  CTVT	  

Mutation spectrum in CTVT 



Artist: Emma Werner 



Clonally transmissible cancers 

DFTD 
•  Recent (<20years) 
•  Metastasis common 
•  Transmitted by biting 
•  Facial tumour 
•  Neural crest origin 
•  Unresponsive to 

therapy 

CTVT 
•  Old (>1,000 years) 
•  Metastasis rare 
•  Sexually transmitted 
•  Genital tumour 
•  Histiocytic origin 
•  Very sensitive to 

therapy 



Clonally transmissible cancers 

Images: 
Tasmanian Devil Conservation Park 
www.animalswallpaper.info 
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Photo: Sarah Peck 



Immune evasion 

Canine transmissible venereal tumour  
(CTVT) 

Tasmanian devil facial tumour disease 
(DFTD) 

?? 

B cells 

T cells 

NK cells 

Antigen 
presenting cells 

Complement 


