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Abstract

Mammalian cell tissue culture has been a critical tool leading to our current understanding of 

cancer including many aspects of cellular transformation, growth and response to therapies. The 

current use of large panels of cell lines with associated phenotypic and genotypic information now 

allows for informatics approaches and in silico screens to rapidly test hypotheses based on simple 

as well as complex relationships. Current cell line panels with large amounts of associated drug 

sensitivity and genomics data are comprised of human cancer cell lines (i.e. NCI60 and GDSC). 

There is increased recognition of the contribution of canine cancer to comparative cancer research 

as a spontaneous large animal model with application in basic and translational studies. We have 

assembled a panel of canine cancer cell lines to facilitate studies in canine cancer and report here 

phenotypic and genotypic data associated with these cells.
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Introduction

Mammalian cell tissue culture is invaluable for studying biological processes and is a 

fundamental tool used in many laboratories worldwide. The practice of maintaining 

mammalian cells in a culture system began in the early 20th century,1 with these techniques 

quickly being utilized to study the growth of cancers in vitro including a breast 

adenocarcinoma from a dog.2 By 1950 the use of animal cell culture had become routine, 
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and in 1951 the HeLa cell line was established, the first human cell line developed from a 

cancer patient.3,4 In vitro studies using cancer cell lines play a large role in cancer drug 

discovery and development, providing crucial data on drug effects and cancer biology in the 

early pre-clinical stages, many of which would be unethical to explore in patients. This 

information is key in the decision process for drugs moving forward into expensive and time 

consuming clinical trials.5

The emergence of new genomic technologies in the last decade has revolutionized cancer 

research and revealed to researchers that genetic heterogeneity is inherent across the whole 

human tumour population as well as within histological tumour types. Importantly, this 

heterogeneity is highly similar between primary tumours and tumour-derived cell lines 

according to multiple studies including breast cancer, melanoma and non-small cell lung 

cancer.6–8 This has led to renewed interest in creating cancer cell line panels as model 

systems to further explore genetic effects on cancer biology and therapeutic response.4 Te 

most well known human cancer cell line panel dedicated to this purpose was developed by 

the National Cancer Institute (NCI60 panel), consisting of 60 cell lines of various tumour 

types that has been used to screen over 100 000 compounds for anti-cancer activity.9 The 

panel has also undergone molecular profilling at the DNA, RNA, protein and chromosomal 

levels.10

More recently, cell line panels from the Genomics and Drug Sensitivity in Cancer project 

(GDSC) and the Broad Institute's Cancer Cell Line Encyclopedia (CCLE) have been 

established containing 1217 and 1046 cell lines, respectively. These panels have been 

screened against 138 and 24 cancer drugs, respectively.11,12 Gene expression, chromosomal 

copy number and sequencing data are available for the CCLE, whereas generated genomic 

data for the GDSC panel include data on gene expression, point mutations, gene 

amplifications and deletions, sites of microsatellite instability, and chromosomal 

rearrangements.11,12 Fortunately, unique genomic data from these large cell line panels can 

be shared for 496 cell lines that overlap CCLE and GDSC panels, and 55 cell lines of the 

NCI60 that are found on either the CCLE or the GDSC panels. In order to better translate 

discovered genetic relationships of drug response from cell lines to tumours, available 

genomic resources such as the NCI's Cancer Genome Atlas (TCGA) have been established, 

which contain exon and whole genome sequencing as well as gene expression data for 

thousands of tumour samples representing 33 tumour types.13 These resources are invaluable 

for the development of more personalized therapeutic strategies for the treatment of cancer.

Similar cancer cell line panels for canine cancer at such a scale are currently non-existent. 

Small collections of canine cancer cell lines exist at various institutions but the range of data 

is often limited. The purpose of this article is to describe the first diverse canine cancer cell 

line panel of its kind, comprised of 28 validated cell lines representing multiple tumour 

types. Herein we will report the characteristics of the Flint Animal Cancer Center (FACC) 

panel and the accompanying genomic profiling that have been performed as well as its 

potential applications for comparative and translational oncology.
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Materials and methods

Cell culture

FACC cell lines were acquired from other institutions, purchased from the American Type 

Culture Collection (ATCC), or established from tumour samples from the FACC archive (see 

Table 1). During cell viability assays, all cells were maintained in RPMI 1640 culture 

medium containing 10% fetal bovine serum (FBS), penicillin (100 units mL−1), 

streptomycin (100 μg mL−1) and incubated at 37 °C in a humidified atmosphere of 5% 

CO2:95% air.

Cell line validation

Genomic DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, 

USA) from 1 to 5 –106 cells. Multiplex polymerase chain reaction (PCR) was conducted on 

50–400 ng of isolated genomic DNA to confirm the species of origin of each cell line as 

previously described.14 Upon confirmation as a canine cell line, each line was subsequently 

analysed by short tandem repeat (STR) profiling using the Canine Stockmarks Genotyping 

Kit (Life Technologies, Carlsbad, CA USA) per the manufacturer's protocol and as 

previously described.15 The PCR products were analysed via capillary electrophoresis as 

follows: 1.5 μL of diluted PCR product (1:5 to 1:10 dilution) was mixed with 0.5 μL size 

standard and 10 μL of highly deionized formamide. Samples were run using POP7 polymer 

and the array length was 50 cm. Run conditions were identical to the default run module 

except injection time was increased from 15 to 24 s, and scan number was shortened from 

1800 scans to 1750. Fragment lengths for each locus were recorded and for ease of analysis 

rounded to the nearest common allelic size whole number. This information is maintained in 

an Excel datasheet that can be sorted by allelic size to ease comparisons between cell lines. 

Where possible cell line duplicates from multiple laboratories were analysed to confirm 

identity.

Microarray gene expression analysis

RNA was extracted from cell lines using the RNeasy kit (Qiagen) according to 

manufacturer's protocol. A DNA digestion step was included using the RNase-Free DNAse 

Set to ensure RNA purity (Qiagen). Yield and integrity of RNA was examined via a 

NanoDrop 1000 spectrophotometer (Thermo Scientific, Asheville, NC, USA) and a 

Bioanalyzer (Agilent, Santa Clara, CA, USA). Samples were hybridized onto Affymetrix 

GeneChip Canine Genome 2.0 arrays, Canine Gene 1.0 ST arrays and GeneChip miRNA 4.0 

arrays at the Genomics and Microarray Core at the University of Colorado Denver. Resulting 

CEL files were then imported into Bioconductor16 and intensity values were preprocessed 

with the Robust Multi-Array Average (RMA) algorithm.17

Unsupervised clustering and principal component analysis

Affymetrix Canine 2.0 Microarray Gene Expression data was processed using RMA and the 

log 2 transformed gene expression data was ranked based on the standard deviation of each 

gene across all sample sets. The top 100 most variant genes were selected for unsupervised 

clustering using the CIMminer website (http://discover.nci.nih.gov/cimminer/). Gene 

Fowles et al. Page 3

Vet Comp Oncol. Author manuscript; available in PMC 2017 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://discover.nci.nih.gov/cimminer/


expression data were also sorted for the 522 cancer genes currently annotated in the Cosmic 

Cancer Gene Database (http://cancer.sanger.ac.uk/cosmic). These cancer genes were then 

ranked based on the standard deviation of each cancer gene across all samples to identify the 

most variant genes. The top 100 most variant cancer genes were used in unsupervised 

clustering to generate heat maps using CIMminer. Euclidian distancing and average linkage 

were the parameters chosen for the analysis. Principal components analysis was conducted 

on the whole gene expression data set and a graph of the first two components was generated 

using Bioconductor.

Cell viability assays

Drug sensitivity data were generated via a resazurin-based bioreductive fluorometric assay 

(resazurin, Sigma, St. Louis, MO) for cisplatin (CIS), carboplatin (CARBO), doxorubicin 

(DOX), lomustine (CCNU), paclitaxel (PTX) and vinblastine (VBL) in the FACC panel as 

follows: cells were plated in 96 well plates at a density of 1500–5000 cells in 100 μL per 

well, depending on growth rate; 24 h afer initial plating, serial doses of the drugs in 100 μL 

of media were added to the plates, including vehicle control wells and media-only blank 

wells, followed by 48 h incubation. For adherent cell lines, drug-containing media was then 

replaced with 200 μL fresh media, and 20 μL of resazurin solution (200 μg resazurin salt per 

mL in phosphate-buffered saline) was added to each well. For non-adherent cell lines, 

resazurin solution was added directly to the drug-containing media. Following 2–4 h of 

incubation with resazurin fluorescence was measured on a 96 well plate reader with 

emission wavelength parameters of 530 and excitation of 590. Experiments were performed 

at least in triplicate, and medial dose (Dm) values were calculated.

Differential expression analysis of miRNA microarray data

For comparison of resistant cells with sensitive cells for DOX, differential expression (DE) 

analysis was performed using the limma package in Bioconductor.18 The cut-off of 

significance was based on un-adjusted P-value 0.05. CIMminer was used to generate 

clustered images of the data from the top 100 variably expressed microRNAs (miRNAs) 

across all samples based on standard deviation. Unsupervised clustering for both axes was 

performed with the following parameters: average linkage, Euclidean distance and quantile 

binning with median centering of the data.

Results

Cell line validation

Tumour-derived canine cancer cell lines have been established or acquired from multiple 

sources over the years at the FACC at Colorado State University. Currently, our panel 

consists of 28 cell lines representing 11 different tumour types: 10 osteosarcomas, 5 

melanomas, 2 mammary carcinomas, 1 hemangiosarcoma, 1 bladder carcinoma, 3 

lymphomas, 1 leukaemia, 1 mast cell tumour, 2 histiocytic sarcomas, 1 thyroid carcinoma 

and 1 soft tissue sarcoma. Cell line names, origins, known xenograft potential, known 

markers and mutation status of the ‘FACC panel’ are described in Table 1. All of the cell 

lines were validated previously as being canine in origin.15 To address the possibility of 

cross-contamination and uniqueness of the individual lines in the FACC panel, STR analysis 
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was used for further validation. The fragment size rounded to the nearest common whole 

number at each allele from 10 loci is listed in Table S1, Supporting information. When 

possible, cell lines obtained from multiple laboratories were assessed to confirm the identity 

of a given cell type; however, source genomic material for these lines was not available. 

Based on this analysis, the genetic identity of 28 cell lines was confirmed. The Fitz and 

DEN-HSA hemangiosarcoma cell lines were found to be genetically identical,15 as were the 

MH and Nike histiocytic sarcoma cell lines. In addition, the CMT12 and CMT27 canine 

mammary cell lines exhibited conserved profiles at 8 of the 10 loci and 90% homology 

overall suggesting the potential for a common source for these cell lines.15

Molecular characterization of cell lines

In order to characterize the FACC panel on a molecular level and to facilitate future genomic 

studies, all 28 cell lines have undergone molecular profiling on the mRNA and miRNA 

expression level. The Affymetrix GeneChip Canine Genome 2.0 array contains over 43 000 

probesets mapping to over 20 000 genes. In contrast to the 3′-biased probesets of the 2.0 

array, the FACC panel has also recently been profiled with the Canine Gene 1.0 ST arrays, 

which performs a whole-transcriptome analysis with over 195 000 probesets spread out 

across each exon of the genes. Additionally, miRNA expression has been profiled in the 

panel using Affymetrix GeneChip miRNA 4.0 arrays which contain all miRNA in the 

miRBase Release 20 (www.affymetrix.com). To show that the two types of mRNA gene 

expression arrays were complementary with each other in the FACC panel, correlations were 

performed between both the Canine 2.0 and 1.0 ST arrays for a selection of known cancer 

genes in each cell line. We observed an average correlation coefficient of 0.6905 for all 28 

cell lines, which was highly significant (P 1.0E-7) (Fig. S1). It is important to note that the 

RNA used for microarray analysis on both platforms was extracted in different labs in the 

FACC at different times, suggestive of strong conservation of genotypic features in these cell 

lines.

Histological characteristics are routinely used by pathologists for distinguishing different 

tumour types from each other, and gene expression patterns can be utilized in similar ways 

via unsupervised hierarchal cluster analysis. Using the 2.0 expression data, the first two 

principal components from the principal components analysis (PCA) of the gene expression 

data were plotted with PC1 on the x-axis and PC2 on the y-axis (Fig. 1). The distribution of 

the samples in this graph is in roughly three groups. Five of seven haematopoietic cell lines, 

including the CLBL1, CLL1390, 1771, OSW and Nike cell lines, are distributed across the 

bottom of the graph. A group in the middle of the top of the graph contains 8 of 10 

osteosarcoma cell lines and the Bliley transitional cell carcinoma line. To the left is a group 

containing the other two osteosarcoma cell lines that were derived from metastatic tumours, 

Abrams and D17; 3 of the melanoma cell lines, the mammary carcinoma cell lines, one 

histiocytic sarcoma cell line DH82, the C2 mast cell line, and three soft tissue sarcomas 

including the two hemangiosarcoma cell lines that were genetically identical based on STR 

analysis.

To further assess the defining gene expression characteristics of each of these cell lines, a 

cluster analysis heat map was generated using the top 100 most variant genes (Fig. 2A). This 
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unbiased cluster analysis separated the cell lines into two primary groups: the first group 

located at the top of the heat map contains six haematopoietic cell lines: OSW, Nike, C2, 

CLL1390, 1771 and CLBL1. Interestingly, the DH82 histiocytic cell line was placed in the 

other large group, but separated out with the Gracie osteosarcoma cell line and the 

CML10C2 melanoma cell line. The remainder of the cell lines were clustered into two 

secondary groups. The first group of 13 cell lines is dominated by 9 osteosarcoma cell lines, 

the STSA-1 soft tissue sarcoma cell line, and 3 melanoma cell lines. The second group, 

comprised of the next six cell lines as listed on the left axis of the figure, contains primarily 

carcinoma cell lines: CMT12, adjacent to CMT27; Bliley, and CTAC (thyroid carcinoma). In 

addition, the juxtaposed DEN-HSA and Fitz hemangiosarcoma cell lines are a subgroup 

within this branch. The genes dictating these groups are shown along the bottom of the 

figure. Elevated expression of cell-type specific markers such as lymphocyte cytosolic 

protein 1 (LCP1), cytokeratins (KRT8 and KRT18), epithelial cell adhesion molecule 

(EPCAM), and collagen, type I, alpha 1 (COL1A1) contribute primarily to the separation of 

the various cancer cell histotypes.

A similar unsupervised cluster analysis using expression data from the top 50 most variant 

canine miRNAs also resulted in cell lines clustering together based on developmental 

lineage (Fig. 2B). This is consistent with findings of Lu et al., who reported one of the 

earliest high throughput miRNA expression analysis studies using a variety of human 

tumour and cancer cell lines.19

In order to explore the alterations in gene expression that contribute to the unrestrained 

growth of these cell lines, the gene expression data were sorted for the 522 genes identified 

as contributing to the development and progression of various cancers in the COSMIC 

Cancer Gene Census. The genes were once again ranked according the standard deviation of 

each cancer gene across all samples to identify the most variant genes and cluster analysis of 

the 100 most variant cancer genes was generated (Fig. 3). As previously, the unbiased cluster 

analysis separated the cell lines into two primary groups: the haematopoietic cell lines at the 

bottom of the heat map and a large grouping containing a combination of the carcinomas 

and sarcomas at the top. As before, these cell lines are separated into three subgroups; the 

first containing a combination of the sarcoma and melanoma lines, as well as the thyroid 

carcinoma cell line. The next group is the mammary and transitional cell carcinomas, and 

the two hemangiosarcoma lines. One notable exception is the Gracie osteosarcoma cell line, 

which was separated from all the other sarcoma lines and grouped with the carcinoma cell 

lines. These separations are again largely due to the overexpression of cell-specific markers 

that have been shown to contribute to cancer development including COL1A1 and LCP1.

In addition, examination of the generated heat map does provide potential evidence of 

genetic drivers of cancer development. For example, elevated expression of KIT is observed 

in the C2 and 1771 cell lines. Previous studies from our lab and others have shown that the 

C2 cell line carries an activating mutation in the KIT gene.20 Decreased expression of PTEN 

is observed in the CMT12 and CMT27 mammary cell lines, the HMPOS, Abrams, and 

OSA8 osteosarcoma cell lines, and the CLL1390 and DH82 cell lines. A smaller decrease in 

expression is also observed in the OSW cell line. Previous studies using fluorescence in situ 

hybridization analysis of the CLL1390 cell line indicated complete loss of the PTEN gene.21 
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Similarly, deletions of the region in chromosome 26 containing the PTEN gene have been 

observed in 40.7% of canine histiocytic sarcomas and 30% of canine osteosarcomas.22,23 

Interestingly, the canine mammary carcinomas both appear to over-express epidermal 

growth factor receptor (EGFR). This finding supports a study which reported the malignant 

phenotype of CMT12 and CMT27 cells to be stimulated by EGF, making it a potential 

model for studying anti-EGFR therapies.24 The Gracie osteosarcoma cell line is clustered 

separately from the other osteosarcoma cell lines. Examination of the Gracie cell line gene 

expression profile reveals the elevated expression of ETV1, notable for its fusion to the EWS 

gene in human Ewing's sarcoma and TMPRSS2 in prostate cancers.25 This cell line also 

exhibits reduced expression of several markers elevated in the majority of the osteosarcoma 

cell lines, including COL1A1, FGFR2, and CDH11.

Pharmacologic screening

Currently, there are three cancer drugs approved by the US Food and Drug Administration in 

canine oncology. Toceranib phosphate and the conditionally approved masitinib are 

indicated for the treatment of canine mast cell tumours.26,27 Paccal Vet-CA1 is conditionally 

approved to treat squamous cell carcinoma and mammary carcinoma.28 Many drugs 

commonly used to treat dogs with cancer are considered ‘off-label’. One of the purposes of 

this panel is for drug screening in order to identify beneficial pairings of human-approved or 

novel therapeutics with a given tumour type in canine cancer. Cytotoxic chemotherapy is 

commonly used in the treatment of canine cancers, thus we have begun to screen the FACC 

panel with these drugs. In Fig. 4, the drug sensitivity data in the FACC panel are compared 

with the human NCI60 cancer panel for six antineoplastic drugs: CIS, PTX, CCNU, VBL, 

CARBO and DOX. Statistical testing revealed that with the exception of CIS, the means of 

the drug sensitivity ranges between human and canine panels were significantly different 

from each other. Additionally, the variances in the data were also significantly different for 

CARBO and PTX. Overall, however, the patterns of drug sensitivity and variances observed 

for each agent in both human and canine panels shared general trends, and the mean Log 

GI50 values for each agent showed a significant cross-species correlation (r = 0.88, P = 

0.0194, Pearson). These data suggest that human and canine cancer cell lines respond in 

similar ranges to cytotoxic agents.

miRNA signature for DOX sensitivity is highly conserved between human and dogs

It is well known that there is high conservation of miRNAs in mammals. To demonstrate the 

similarity between miRNA expression data generated for human and canine miRNAs in 

canine OS cells we performed DE analyses for DOX resistant cells compared with sensitive 

cells; 25 of 30 (83.3%) differentially expressed canine miRNAs were identical to human 

miRNAs identified on the same miRNA microarray chip with similar fold changes, all in the 

same direction (Table 2). Given the high conservation seen in this study, the larger set of 

human miRNAs identified in the analysis compared with the canine set may lead to an 

expansion of miRNA knowledge in canine cancer, where annotation is not as advanced as is 

seen in human research.
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Discussion

Since the early 1900s, tissue culture cell lines from canine tumours have been established. A 

recent Pub Med search using the terms ‘canine cancer cell line’ retrieved almost 1200 

articles. Despite the long history and the substantial quantity of research being performed 

with canine cancer cells, in vitro panels have not yet been developed to the scale that has 

occurred in human cancer. As a step toward that goal, we have introduced and described a 

validated panel of 28 canine cancer cell lines collected from multiple sources or established 

at the FACC at Colorado State University. Individual cell lines in the panel have already 

been used in several studies. A Pub Med search using the name of each cell line combined 

with the canine tumour type as keywords resulted in 92 articles involving one or more of 20 

of 28 cell lines in the FACC panel. In these studies, the canine cancer cell lines were used to 

investigate the effects of genes or drugs or both on different cancer processes.

In this new genomics era for cancer research, combining genotypic, phenotypic and 

pharmacologic data to reveal novel relationships has been essential for the many recent 

discoveries that have culminated in improved clinical outcomes. Our canine panel has 

undergone both mRNA and miRNA expression profiling, and has been used for screening of 

several established and novel anti-cancer agents. With these new tools, the possibilities for 

comparative and translational applications with human cancer research are becoming readily 

apparent. Dogs with cancer can potentially benefit from new discoveries made in human 

oncology, and conversely, human research can benefit through the integration of canine 

cancer models for pre-clinical validation studies.

Currently, the size of the FACC panel is relatively small when compared with similar human 

panels such as the NCI60, the GDSC or the CCLE. There are challenges inherent to that 

fact. Although there are 11 different tumour types within the panel, 6 of these types are 

represented by a single cell line, making it extremely difficult to form experimental 

conclusions with a large degree of confidence. Indeed, the panel should be considered a 

‘jumping of’ point toward further advanced experimentation in a similar way as initial 

microarray analyses are typically viewed as ‘hypothesis-generating’ experiments. It would 

be advantageous to increase the size of the panel, although establishing new cell lines from 

tumour samples is difficult regardless of species because of low take rate, the danger of 

contamination and outgrowth of competing fibroblasts, as well as the obstacle of 

overcoming anoikis-related cell death after loss of contact with their extracellular matrix.29 

A possible solution to this problem for the future would be for a call for a greater 

collaborative effort across several institutions. The sharing of canine cell line resources has 

helped the FACC panel grow to what it is today, and the fastest way for future growth would 

undoubtedly be from an increase of collaborations with fellow researchers that have 

additional established cell lines to contribute. The formation of the FACC panel is a useful 

step in the right direction towards improving informatics approaches to canine cancer, but it 

is only one step of many.

Another future direction is to expand upon available gene expression profiling to include 

next generation genomic data such as whole exome and genome sequencing, and array 

comparative genome hybridization (array-CGH) data. Sequencing would be an invaluable 
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tool in identifying potential mutations and/or deletions in oncogenes and tumour suppressors 

across the entire genome. Array-CGH would allow investigation of alterations in copy 

number of genes and their role in canine cancer progression. The integration of multiple 

types of genomic data will facilitate identification of the most significant drivers in canine 

cancer.

In conclusion, we have introduced a new valuable resource for canine cancer studies in the 

FACC panel. With its potential for testing various cancer processes and pharmacological 

screening connected with genomic data, we hope it will serve to facilitate studies that can 

further shorten the gap between human and canine oncology, leading to novel discoveries 

and better designed treatments for dogs with cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Principal component analysis of the FACC panel. RMA processed Canine 2.0 gene 

expression data from the FACC panel was used for principal component analysis. Tumour 

types are colour coded as follows: haematopoietic cancers (orange), osteosarcomas (yellow), 

carcinomas (purple), melanomas (black), hemangiosarcomas (green), and soft tissue 

sarcoma (grey).
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Figure 2. 
Cluster analysis using the top 100 most variant genes and microRNAs separates the FACC 

panel into groups with similar histotypes. A) Affymetrix Canine 2.0 gene array data and B) 

GeneChip miRNA 4.0 array data was ranked based on the standard deviation of each 

probeset across all samples and unbiased cluster analysis of the 100 most variant probesets 

was performed using the web-based tool CIMminer (http://discover.nci.nih.gov/cimminer/). 

Cells of similar developmental lineage group together: haematopoietic cancers (orange), 

osteosarcomas (yellow), carcinomas (purple), melanomas (black), hemangiosarcoma (green) 

and soft tissue sarcoma (grey).}?>
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Figure 3. 
Cluster analysis using the top 100 most variant cancer genes separates the FACC panel into 

groups with similar histotypes and may identify critical genetic drivers. Affymetrix Canine 

2.0 gene array data was sorted for the 522 cancer genes currently annotated in the Cosmic 

Cancer Gene Database. These cancer genes were then ranked based on the standard 

deviation across all samples and unbiased cluster analysis was performed using CIMminer. 

Tumour types are colour coded as follows: haematopoietic cancers (orange), osteosarcomas 

(yellow), carcinomas (purple), melanomas (black), hemangiosarcomas (green) and soft 

tissue sarcoma (grey).
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Figure 4. 
Human and canine cancer cells are similarly sensitive to chemotherapy. GI50 ranges of the 

human NCI60 panel to six chemotherapeutics were compared with the ranges generated in 

the canine FACC panel via resazurin assays.
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