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Abstract

Pet dogs develop spontaneous cancers at a rate estimated to be five times higher than that of 

humans, providing a unique opportunity to study disease biology and evaluate novel therapeutic 

strategies in a model system that possesses an intact immune system and mirrors key aspects of 

human cancer biology. Despite decades of interest, effective utilization of pet dog cancers has 

been hindered by a limited repertoire of necessary cellular and molecular reagents for both in vitro 

and in vivo studies, as well as a dearth of information regarding the genomic landscape of these 

cancers. Recently, many of these critical gaps have been addressed through the generation of a 

highly annotated canine reference genome, the creation of several tools necessary for multi-omic 

analysis of canine tumours, and the development of a centralized repository for key genomic and 

associated clinical information from canine cancer patients, the Integrated Canine Data Commons. 

Together, these advances have catalysed multidisciplinary efforts designed to integrate the study 

of pet dog cancers more effectively into the translational continuum, with the ultimate goal of 
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improving human outcomes. The current review summarizes this recent progress and provides a 

guide to resources and tools available for comparative study of pet dog cancers.
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1 | INTRODUCTION

Mouse models of cancer have been instrumental for dissecting biological processes that 

underlie tumorigenesis. However, these often lack key features of spontaneous disease 

including treatment-induced resistance and multi-focal metastases that sometimes occurs a 

decade or longer post therapy. More recently, genetically engineered mice and humanized 

models have supported interrogation of novel therapeutic approaches in settings that more 

closely recapitulate human cancers.1,2 Despite these improvements, the complexities of 

cancer, especially with respect to the heterogeneity of response to multi-modal interventions 

typically used in humans, cannot be fully dissected utilizing these models. This is 

particularly relevant in the context of combination strategies that incorporate newer 

approaches such as immune modulation, among others. Consequently, failure rates for 

oncology therapeutic development remain over 80%, and some types of cancer, such as 

sarcomas, have seen little improvement in outcomes for over 3–4 decades.3–5

Tumours that develop spontaneously in pet dogs due to normal aging and mutations 

secondary to lifetime exposures share many characteristics with human cancers including 

histologic appearance, biological behaviour, molecular drivers, heterogeneity, therapeutic 

response, acquired resistance/recurrence, and patterns of metastasis.6 Importantly, the annual 

incidence of cancer in pet dogs is estimated to be up to five times higher than that of 

humans (1000–2500 vs. 500 new cases/100 000, respectively), with over 4 million new 

canine cancer diagnoses each year in the United States alone.6–9 Interest in leveraging pet 

dogs with spontaneous cancer to facilitate translational research has grown substantially over 

the past decade. As with humans, pet dogs are immunocompetent and possess a spectrum of 

co-morbidities that influence disease severity, immune response, tolerance to therapeutic 

interventions and response and resistance to treatment. Additionally, pet dogs can be 

followed longitudinally for years, large numbers of samples can be readily collected for 

biomarker interrogation, and disease can be monitored using standard methodologies (i.e., 

CT, MRI).6,10 Studies in pet dogs with cancer have provided key information on toxicity, 

target validation, dosing and efficacy for several FDA approved human drugs.11–14 Ongoing 

work in dogs spans several areas of research such as aging and cancer (NIH funded Dog 

Aging Project15), immuno-oncology (NCI Cancer Moonshot’s funded Premedical Cancer 

Immunotherapy Network Canine Trials [PRECINCT])16,17 and disease specific initiatives 

(European Canine Lymphoma Network). Additionally, the National Academies recently held 

a workshop on the role of companion animals as sentinels for predicting the effects of 

environmental exposures on aging and cancer susceptibility in humans.18 Together, these 

initiatives underscore the breadth of work focused on enhancing ties between veterinary and 

human cancer research.
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With the expanding utilization of pet dogs in preclinical cancer research studies, it has 

become equally important that tools and resources necessary for cellular, molecular, 

immunologic and genomic analysis of canine cancers be comparable to those routinely 

used for human (and mouse) cancer work. Toward that end, several investments have 

been made by the NIH, non-profit foundations and biomedical industry entities to rapidly 

grow capacities, all of which were markedly facilitiated by the 2015 National Academies 

Workshop ‘The Role of Clinical Studies for Pets with Naturally Occurring Tumors in 

Translational Cancer Research’.19 Together, these inspired an acceleration of efforts to 

generate the technologies and information critical for effective utilization of pet dogs as a 

model system in the context of comparative cancer studies, especially those that integrate 

novel immune-oncology strategies.

2 | CANINE GENOMES

Because dogs were domesticated to become human companions over thousands of years, 

they developed similar traits through the process of convergent evolution.20 Indeed, genomic 

analysis of phylogenetic relationships provides evidence for a primate-carnivore clade with 

the exclusion of rodents.21 Beyond these parallels, several dog breeds are predisposed to 

the development of specific types of cancers, creating an opportunity to identify genetic 

drivers that contribute to inherited cancer risk in both dogs and man. Such studies require 

the availability of a high-quality reference genome to assess the potential relevance of 

germline variants potentially associated with certain cancers, and to determine the functional 

consequences of both coding and non-coding variants identified in canine tumour cells. 

Currently, there are seven carefully curated, commonly used and broadly available versions 

of the canine genome available for public use, detailed in Table 1.

Recently, the canine research community endorsed use of the reference canine genome 

created from Mischka, a German Shepherd Dog (UU_Cfam_GSD_1.0, also known as 

canFam4).22 This assembly was undertaken using long read technology, resulting in 

comparatively small numbers of gaps, long scaffolds and high levels of completion of 

conserved single-copy genes. Indeed, chromosome length, scaffolds and contiguity are 

increased 55-fold over the genome build previously used by the community, canFam3.1. 

Annotation incorporating both new and existing long and short read RNA-seq, miRNA-

seq and ATAC-seq, reveals that existing gaps in canFam3.1 contain previously unknown 

functional elements, including promoters, genes and non-coding RNAs.

Beyond the validated canine reference genomes, over 2000 additional genomes have been 

publicly sequenced by individual laboratories and the data are available in the Short 

Read Archive (SRA) which are increasingly being aligned to canFam4. Despite these 

improvements, understanding the landscape of normal breed specific variants (i.e., single 

nucleotide polymorphisms [SNPs] that are associated with normal dog genomes within a 

breed) remains a challenge. Existing data would suggest that identification of breeds through 

SNPs is unlikely to be accomplished using one or a small number of SNPs, but rather, a 

pattern of SNPs spanning the genome will define each breed.23 To address this and facilitate 

mapping of genome encoded traits, a based variant call file (VCF) was constructed to create 

a framework for classification of large numbers of SNPs,24 which has undergone multiple 
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iterations to expand the breadth of known germline variants. Because the National Center for 

Biotechnology Information Single Nucleotide Polymorphism database (dbSNP) is a mosaic 

database with both germline and somatic variants, and has not supported dog data since 

2018, all new canine sequence data has been loaded to the SRA including VCF variant 

files, the latter of which are particularly valuable to researchers. The reference sequences are 

loaded in the UCSC browser, as is the annotation.

In addition to individual lab efforts, an ongoing organized project to comprehensively 

define the landscape of canine genomics, inclusive of all breeds, has being undertaken 

by the Dog10K Consortium.25 This group has sequenced 1987 additional genomes from 

over 200 established dog breeds, with multiple dogs of each breed undergoing whole 

genome sequencing (WGS), together with mixed breed dogs, village dogs and wild canids. 

Data are aligned to the German Shepherd Dog reference sequence (canFam4) and called 

together. In addition to SNPs, analysis of these data includes that of structural variation, 

mitochondria DNA and diversity across genomes. SNV and SV variants have been deposited 

to the European Variation Archive and mitochondrial genomes are submitted to GenBank. 

Variant files and associated annotations are available at https://kiddlabshare.med.umich.edu/

dog10K/ and raw sequence data are available under accessions PRJNA648123 and 

PRJNA188158.

3 | CANINE CANCER DATA REPOSITORIES

There are now several data repositories that will house information relevant to canine cancer 

studies, including genomic information, imaging data and clinical annotations. These are 

described below.

3.1 | Integrated Canine Data Commons (ICDC)

NCI’s Division of Cancer Treatment and Diagnosis (DCTD) appointed the Frederick 

National Laboratory for Cancer Research (FNLCR) to build the Integrated Canine Data 

Commons (ICDC) (https://caninecommons.cancer.gov/#/), a publicly available cloud-based 

repository of spontaneously arising canine cancer data. The ICDC was established to further 

research on human cancers by enabling comparative analysis with canine cancer and to 

make canine cancer data more findable, accessible, interoperable and reusable (FAIR). Data 

in the ICDC are sourced from multiple programs and studies, focused primarily on data 

generated from pet dogs with cancer. The data are harmonized into an integrated data 

model and then made available to the research community. The ICDC accepts a wide 

range of data and metadata types including, descriptive case level information, genetic data 

(including WGS, whole exome sequencing [WES], RNA sequencing [RNA-seq], among 

others), clinical data (treatment information, patient outcomes, adverse events), and imaging 

(MRI, CT, etc.). Currently, the ICDC is home to 35 TB of data, including 3 different 

scientific programs, comprising 11 studies, 678 cases and 937 samples. Importantly, ICDC 

provides html links for studies that have other data types available for canine cases that 

are hosted on other systems, as well as links to the human data nodes in the NCI Cancer 

Research Data Commons (CRDC).
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3.2 | The Cancer Imaging Archive (TCIA)

The Cancer Imaging Archive is part of the NCI’s Cancer Imaging Program in the Division 

of Cancer Treatment and Diagnosis (DCTD). TCIA is a service that effectively redacts and 

hosts a large archive of medical images of cancer that can then be made publicly accessible 

through a data portal or through an application programming interface. Currently, 81 canine 

subjects have images hosted in TCIA (https://cancerimagingarchive.net/), including baseline 

pathologic, MRI, and genomic features of treatment-naive naturally occurring canine glioma 

available for direct download. Radiology imaging data are available for 57 of these subjects, 

and pathology imaging data for 78 subjects. These were collected from 5 different veterinary 

institutions’ patient populations. Clinical MRIs are available prior to treatment, and surgical 

biopsy and/or tissues collected at necropsy are provided as H&E-stained sections. The 

tumours have been classified with a harmonized scheme developed by veterinary and 

physician neuropathologists. The corresponding multi-omic and structured clinical metadata 

are accessible through the ICDC. The first dataset of its kind to comprehensively describe 

and report the clinical, pathologic, imaging, and genomic landscape of naturally occurring 

canine glioma, it provides the necessary context to define this canine tumour as a model for 

its human counterpart(s).

3.3 | Imaging Data Commons (IDC)

The Imaging Data Commons is a node within the broader NCI Cancer Research 

Data Commons (CRDC) infrastructure. IDC (https://imaging.datacommons.cancer.gov/) is 

supported by the Cancer Moonshot with the goal of enabling accessibility to de-identified 

imaging data to support integrated analyses with other non-imaging data types utilizing the 

CRDC Cloud Resources. The IDC boasts a powerful user interface for exploring available 

data collections and supports the integration of a DICOM viewer to inspect images on 

demand. The images available from the 57 subjects hosted in the TCIA can be viewed as a 

collection directly from within the IDC upon selection.

4 | CLOUD RESOURCES FOR CANINE DATA ANALYSIS

4.1 | Seven Bridges Cancer Genomics Cloud (SB CGC)

A main goal of the CRDC is to co-locate data with cloud computing resources to accelerate 

data-driven discovery across diverse sets of information. The Cancer Genomics Cloud 

(CGC) (https://cgc.sbgenomics.com/) is powered by Seven Bridges and serves as a secure 

cloud-based analytic platform for cancer research funded by the NCI. New users (including 

those employed by the federal government) are provided with $300 of compute and storage 

credits upon registration. Users can access many large NCI datasets across multiple fields 

directly or data can easily be exported from any of the nodes with the CRDC as a CGC 

compatible manifest. The CGC hosts a robust library of out of the box peer reviewed 

bioinformatic pipelines and tools. Additionally, users can bring in their own pipelines 

or leverage or modify existing tools using their development kit that wrap tools using 

the Common Workflow Language (CWL). Users can easily build a cohort of interest 

employing the ‘Explore’ page in the ICDC and download a manifest of case IDs that can be 

readily imported into the CGC. This interoperability between systems precludes the need to 

download ICDC files locally; instead, the manifest provides all instructions necessary for the 
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CGC to access files directly from ICDC cloud storage, along with the file metadata and the 

cases/samples from which they were derived. Once files are accessible from within the CGC 

they can be used as inputs for analysis workflows.

4.2 | Galaxy

Galaxy (https://usegalaxy.org/) is an open source, web-based platform for data intensive 

biomedical research. Galaxy allows users to bring their own genomic data to serve as 

inputs for bioinformatic tools and workflows. Galaxy provides a digestible point and click 

interface, allowing researchers to focus on analysis results instead of coding semantics, 

thereby lowering the activation energy required to get started with bioinformatics. The 

free public web server version of Galaxy is supported by the Galaxy project and includes 

many bioinformatic tools that are broadly useful. Users can create an account, save analysis 

histories, workflows, and even datasets on the public server. Further, pipelines and analysis 

workflows can easily be shared across collaborating partners.

4.3 | Terra

Terra (https://terra.bio/) is a cloud-based scalable platform for biomedical research 

developed by the Broad Institute and powered by the Google Cloud Platform (GCP). The 

platform is modular, open source, community-driven, and standards-based with the goal 

of facilitating collaboration among researchers and tool developers across the globe to 

accelerate scientific discovery. Terra leverages individual workspaces where users can bring 

their own data and employ popular cloud-based analysis tools. The users can securely share 

data, code, and analysis results with others in Terra, which has helped in the adaption 

of analytic pipelines for canine genomics. Registration on Terra is free using any Google 

managed identity and Google provides $300 in cloud credits for new users to try the 

platform before committing their own funds.

5 | ANALYTIC TOOLS FOR CANINE GENOMICS

5.1 | Standard pipelines

Standard pipelines are used for routine analyses such as mutation discovery with genomic 

sequencing reads (e.g., WGS or WES) and gene expression quantification with RNA-seq 

reads.26–28 Typical pipelines include sequence quality control, alignment to the reference 

genome, mutation calling and annotation, and transcript/gene assembly and expression 

level quantification, with some of the commonly used software tools listed in Table 2. 

For sequence quality control, sequence reads are typically cleaned up with Trimmomatic, 

which removes adapter sequences and low-quality bases, and examined by FastQC. The 

cleaned sequences are aligned to a canine reference genome such as canFam3 or canFam4 

(Table 1) using BWA29,30 for genomic reads (e.g., WGS or WES) and HISAT2 or Tophat31 

for RNA-seq reads. The alignment data are then used to further assess sequence quality 

by determining mapping rate and quality as described.32 The read alignments of samples 

that pass the quality control are further processed with Samtools30 for sorting or other 

manipulations, Picard for marking and removing duplicates, and GATK33 for insertion/

deletion (indel) realignment and base quality recalibration. Then, the processed alignment 

data are ready for mutation calling (e.g., WES or WGS) or expression quantification (RNA-
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seq). Mutations are often called with GATK HaplotypCaller (germline), MuTect2 (somatic), 

Strelka (germline and somatic), and Manta (germline and somatic). Mutations are filtered 

for sequencing errors and other artifacts,32 and annotated with tools such as ANNOVAR and 

Funcotator. Gene/transcript assembly and expression quantification are performed with tools 

such as Cufflinks, with or without a gene annotation reference file.

When performing these analyses, parameter selection for the tools is critical and often 

requires optimization, for example, using already known germline or somatic mutations to 

improve mutation calling. Except when using BWA for mapping, each step (e.g., mutation 

calling) should be conducted using two or more software tools to assess the concordance 

of calls. The choice of specific reference genome and its gene annotations also matters. 

For example, indel realignment can present challenges when using canFam3.1 as the 

reference genome (created in 2005) is incomplete with many gaps. As noted above, there are 

several new reference genomes, with the canFam4 providing the most complete coverage, 

particularly of non-coding regions.22 However, it is important to note that currently, gene 

annotations associated with canFam3.1 (which can be downloaded from ensembl.org) are 

more comprehensive than those linked to canFam4. For somatic mutation calling, filtering 

germline mutations among dogs is required and hence choosing a reference genome with 

the most accurate and highly curated set of SNPs known is critical. Resources such as 

Fido-SNP34 will also help mutation annotation. As such, several of the cloud resources 

noted in the previous section enable community problem solving when adapting human 

analytic pipelines to dog analytics.

With respect to WES, the first canine specific design based on the canFam3.1 genome 

build and capturing 53 MB was published in 2014.35 Additional custom canFam3 designs 

have since been generated and synthesized by Roche (Indianapolis, IN) for WES studies. In 

addition, Agilent (Santa Clara, CA) has made two canine whole exome captures available 

to the canine research community, Version 1 based on CanFam2 (part number 5190-5452, 

53.59 MB) and Version 2 based on canFam3.1 (part number 5191-6700, 43.45 MB). More 

recently, Twist Bioscience (South San Francisco, CA) in collaboration with the Karlsson 

Lab at the Broad Institute has developed a commercially available 40.5 MB canine exome 

capture based on canFam3.1.

Finally, while several CNV callers as well as specified toolkits that include CNV analysis 

are listed in Table 2, additional approaches have been employed to broaden the scope of 

data interrogation, including those used to evaluate clonality and tumour heterogeneity. It 

is important to note, however, that descriptions of these approaches are generally limited to 

individual labs. For example, GISTIC2 does not support use in the canine genome without 

source code modification: https://github.com/sbamin/canine_gistic2. Lastly, methods have 

been developed to assess the intra- and inter-tumoural heterogeneity of canine cancers 

(such as osteosarcoma and hemangiosarcoma), although such pipelines have generally been 

individually curated to address the specific data sets.36,37

5.2 | MHCI genotyping

A human individual expresses 3–6 alleles encoded by three classical MHC Class I genes 

HLA-A, HLA-B, and HLA-C. The syntenic canine MHC Class I region encodes genes 
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including DLA-88, DLA-12, and DLA-64. The MHC Class I genes are highly polymeric, 

especially in exons 2 and 3, which encode the antigen-binding pocket. As such, these are 

among the most hypervariable regions in the genome. Accurate determination of the ~550 

bp sequence of exons 2 and 3, typically referred to as MHC genotyping, is used to identify 

the Class I alleles in a single individual. Extensive work has been undertaken to define 

the landscape of human MHC Class I (HLA-I) alleles. The IPD-IMGT/HLA Database 

(https://www.ebi.ac.uk/ipd/imgt/hla/) provides a specialist database for sequences of the 

human MHC and includes official sequences curated by the World Health Organization 

Nomenclature Committee For Factors of the HLA System. As of March 2022, the 

IMGT/HLA database51 contains 23 694 HLA-I alleles. Next generation sequencing (NGS)-

based genotyping tools,52–61 which focus on human genotyping, take advantage of this vast 

number of known HLA-I alleles. Because so many HLA-I alleles existing in the human 

population have been precisely characterized, the current HLA-I genotyping tools focus 

on accurately mapping NGS reads to the known allele reference, and then genotyping the 

individual by identifying known alleles with the most unambiguously placed NGS reads.

In dogs, the landscape of MHC Class I alleles has not been well characterized. A total 

of 185 alleles have been classified including DLA-88 (150 alleles), DLA-88L (8 alleles), 

DAL-12 (20 alleles), DLA-64 (7 alleles) and DLA-79 (8 alleles)62–66 most of which are 

included in the IPD-MHC database (https://www.ebi.ac.uk/ipd/mhc/). Given the paucity of 

information regarding canine DLA-I alleles, the workflow employed by HLA-I genotyping 

tools52–61 that relies upon a well curated database of known alleles, does not work for 

the dog. To address this deficiency, a new software tool has been developed for use in 

the dog that outperforms currently used approaches for typing new alleles.67 Named the 

Kmer-based paired-end read (KPR) de novo assembler and genotyper, this tool assembles 

paired-end RNA-seq reads (fastq files) from MHC-I regions into contigs, and then genotypes 

each assembled contig and estimates its expression level.67 It is written in Python (version 

2.7), runs on the Unix/Linux platform and is freely available at Github at https://github.com/

ZhaoS-Lab/KPR.git.

5.3 | Breed validation pipeline

As previously noted, the diverse array of more than 300 pure breeds of dog provides a 

valuable resource for studies of phenotypic and genotypic evolution, identification of genes 

associated with disease, and interrogation of how the genomic landscape may influence 

response to stressors (environment, aging, etc.). However, information regarding breed 

assignment found in published papers, medical records and other databases is typically 

provided by pet owners, and therefore not necessarily accurate. This is particularly relevant 

for common breeds like the Golden Retriever, which can appear to be purebred but may 

actually be mixed with other breeds. Additionally, the rapid growth of ‘doodles’ which are 

purported to be various purebred dogs mixed with the standard poodle (i.e., Goldendoodle, 

Labradoodle, etc.) has resulted in several newer mixed breeds that may not really be derived 

from the cross between two purebred dogs. These issues can be further compounded by 

human error (i.e., sample mistracking and or breed mis-assignment). Finally, information on 

breed may simply be missing from medical records/data bases. Together, these problems can 
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hamper the ability to effectively utilize canine breed-specific disease to interrogate genomic 

associations.

To address this issue, a breed validation and prediction software tool has been developed that 

uses WGS or WES data from dogs to identify breed-specific variants.32 This methodology 

requires information from greater than 10 dogs per breed for multiple breeds to build 

a knowledge base regarding variant calls. The software then validates or predicts the 

breed of a dog using the variant allele frequency (VAF) values of these breed-specific 

variants. The software has been successfully used to identify 5463 breed-specific germline 

sequence variants for 10 pure breeds (e.g., Golden Retriever, Rottweiler, Maltese, etc.) and 

then further credentialled using breed data from an additional 440 dogs.32 The pipeline, 

example input files and the manual for canine breed validation and prediction have been 

deposited in GitHub, free to the public at https://github.com/ZhaoS-Lab/breed_prediction 

and https://doi.org/10.5281/zenodo.4948044. The ability to accurately predict breed will 

further enhance genomic studies in dogs where such information is not readily available.

6 | EMERGING TECHNOLOGIES AND RESOURCES

Over the past decade, the ability to critically assess changes in gene expression in 

cancer cells and their resultant impact on the microenvironment has markedly improved. 

These technologies have facilitated assessment of tumour cell dynamics at the single cell 

level, within a tissue, and more recently, through evaluation of circulating components. 

Importantly, reagents and tools have now been developed that enable use of these 

approaches in the context of the canine genome. Together, these provide a set of tools 

to precisely interpret and apply findings from translational studies in dogs with cancer.

6.1 | Single cell omics

Recent technological advances have enabled researchers to define gene and protein 

expression, DNA methylation, and chromatin accessibility with single cell resolution.68 

Much of this progress has been in the realm of single-cell RNA sequencing (scRNA-seq) 

which allows simultaneous measurement of gene expression across thousands to millions of 

cells in each cell population. This has been achieved through several scientific innovations 

including the: (1) ability to amplify RNA from single cells in quantities sufficient for 

sequencing, (2) addition of cell-specific barcodes allowing pooling of multiple cells into 

a single library, (3) use of in-vitro transcription,69 a linear amplification method that 

reduces bias toward highly expressed genes and improves sensitivity, and (4) cost-effective 

solutions achieved by application of microfluidics and lab-automation. There are now 

several well-established methodologic approaches and commercial platforms available to 

support scRNA-seq.70–73 The workflow for a typical scRNA-seq study consists of: sample 

preparation, individual cell capturing, RNA isolation, reverse transcription of RNA to 

cDNA, amplification, library preparation, sequencing, and data analyses. Cells from tissues 

can be collected by laser capture micro-dissection or by the creation of a single-cell 

suspension from the tumour tissue, which requires mechanical and enzymatic methods that 

must be optimized in advance. Methods to isolate single cells from the suspension include 
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limiting dilution, micromanipulation, flow-activated cell sorting (FACS) and more recently, 

microfluidic methods such as Drop-Seq.74

Analysis of sequencing data first requires pre-processing (data demultiplexing, alignment, 

feature annotation and quantification) to derive a gene-expression matrix (N(cells) × 

M(genes)). The next steps involve: (1) quality control including determining low-quality 

(damaged/doublet) cells by count-depth, elevated mitochondrial gene content or dedicated 

methods like DoubletFinder or equivalent,75 (2) normalization to remove amplification/

count-depth biases, (3) optional data correction to handle batch effects, biological effects, or 

dropouts via data imputation methods76 and (4) dimensionality reduction summarizing the 

data into a few optimal dimensions while preserving the variability and global structure. A 

variety of tools in support of these tasks are available77 and summarized in Table 3, along 

with suggestions for application of these tools to canine data. End-to-end workflows such as 

Seurat78 and Scanpy79 have also been published. Subsequent downstream analytic steps are 

typically specific for research questions pertinent to the project and often involve differential 

expression across biological conditions, cell-type identification, understanding cellular 

trajectories, novel cellular markers, and unique cellular features. A detailed description of 

data analysis steps80,81 and a catalogue of available software tools77 have also been reported 

elsewhere. It is important to note that scRNA-seq data analysis does not follow a ‘one-size 

fits all’ approach, and it is recommended that a cocktail of methods be used to address 

study-specific biological questions.

Within the realm of canine studies, a number of publications now exist demonstrating that 

scRNA-seq is feasible and of value to precisely define the transcriptomic landscape of 

several canine diseases, such as mammary cancer and pulmonary fibrosis.91–97 Recently, 

scRNAseq was combined with immune repertoire sequencing to generate a detailed atlas of 

peripheral blood TCRαβ+ T cells in healthy dogs.98 Based on differential gene expression, 

distinct differentiation states (naïve, effector, memory, exhausted) and lineages (CD4 T 

helper and regulatory cells, etc.) were identified, many of which had not previously been 

described in dogs. Several studies are ongoing to define transcriptional signatures associated 

with tumour cells, components of the tumour microenvironment, and the immune landscape 

in canine cancers, with the goal of comparing these to comparable signatures in human 

cancers (Figure 1). This body of work will facilitate more accurate application of data 

generated from clinical studies performed in dogs with cancer to future human translation.

6.2 | Spatial transcriptomics

Spatial transcriptomics involves whole or targeted partial transcriptomic data, isolated 

from histologic regions.99,100 While multiple approaches have been described, the most 

commonly used commercial assays are made by 10× Genomics (Visium) and NanoString 

(GeoMx). Both platforms can be processed with formalin-fixed paraffin embedded (FFPE) 

samples, as well as Optimal Cutting Temperature compound (OCT) embedded frozen 

samples. The Visium platform leverages a 3′ poly-A tail library and analyses single 

cells individually, utilizing technology analogous to that employed in single-cell 3′ assay 

sequencing. While this approach can be successfully implemented in OCT frozen tissue, a 

species-specific targeted panel is required if FFPE tissues are assayed. The GeoMx platform 
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requires a probe panel for both frozen and FFPE tissues. For the GeoMx workflow, fresh 

slides are cut and up to four fluorescent-tagged antibodies are used to identify morphologic 

regions of interest. A barcoded gene panel is then bound to the slide. After scanning slide 

images, regions of interest up to 600 microns in size are collected via UV illumination of 

the selected areas on the slide. Each spot contains multiple cells from a specific region of 

interest, and gene expression is characterized using short-read sequencing or the nCounter 

system (see below). While human and murine GeoMx panels can be used in other species, 

validation and optimization should be undertaken to ensure the panel probes recognize 

canine transcripts. To facilitate the application of GeoMx to canine cancer, NanoString has 

created a 1900+ gene canine specific panel (GeoMx Canine Cancer Atlas) that closely 

mirrors the available human Cancer Transcriptome Atlas, with a slightly broader inclusion 

of relevant immuno-oncology genes. An additional consideration for spatial transcriptomics 

is the use of tissue microarrays to support analysis of multiple tissue samples per assay. 

This process helps minimize the cost of the experiment but requires pre-selection of tissue 

regions. Furthermore, while 1 mm spot sizes can be successfully used, little room exists to 

spatially select regions based on fluorescent morphologic antibody binding, as the 1 mm 

punch size is only slightly larger than the largest 600-micron area of illumination for region 

collection. The ability to leverage banked FFPE tissue to understand gene expression in the 

context of the tumour microenvironment sets the stage for further credentialling of canine 

cancer models to enhance their use in preclinical research.

6.3 | nCounter assay

The nCounter Analysis System was developed by NanoString in the early 2000s, leveraging 

technology developed at the Institute for Systems Biology.101 This platform utilizes a 

relatively straightforward hybridization that permits digital counting of individual RNA 

molecules without the need for any enzymatic steps. The nCounter system has capacity 

to detect 800+ unique molecules and is customizable, permitting substantial flexibility to 

utilize pre-formulated panels or to design new panels for discovery. The workflow entails 

the use of capture probes and then unique optical barcodes that hybridize to specific 

targets for detection. The target/probe complexes are then individually counted to give a 

quantitative assessment of each RNA molecule in the sample analysed. The nCoutner system 

has flexibility for input of RNA from tissues, fluids and FFPE samples.

Application of nCounter Analysis for comparative and translational work involving pet dogs 

with spontaneous disease has been facilitated through the development of a canine-specific 

immuno-oncology panel (Canine IO Panel) with the capacity to profile 800 genes across 47 

annotated pathways that overlap with the NanoString Human PanCancer 360 and Immune 

Panels. The Canine IO Panel was designed to have broad coverage, while also possessing 

content relevant for the top canine cancers (i.e., lymphoma, osteosarcoma, etc.). There are 

now several examples demonstrating utility of the Canine IO panel for discovery and/or to 

credential a spontaneous canine model. For example, the platform was used to interrogate 

shared inflammatory and skin-specific gene signatures reveal common drivers of discoid 

lupus erythematosus (DLE) in canines, humans and mice.102 Interestingly, canine samples 

recapitulated downregulated skin homeostatic genes observed in human DLE supporting the 

notion that the canine disease is a relevant translational model. More recently, high intensity 
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focused ultrasound (HIFU) was used to treat pet dogs with solid tumours and nCounter 

analysis of biopsy samples demonstrated differential expression of 28 genes associated 

with T-cell activation following treatment.103 Several other groups have published gene 

expression data generated from canine samples using the nCounter platform, and a multitude 

of studies are ongoing using this tool as part of the PRECINCT consortium.104–106 It is 

worth noting that custom panels can be designed to facilitate targeted interrogation. This 

approach was recently employed to support validation of an antibody panel designed to 

distinguish lymphoid versus myeloid lineage leukaemias, demonstrating 100% concordance 

between flow cytometry and gene expression for the lymphoid leukaemias and 80% 

concordance for myeloid leukaemias.107

6.4 | Dependency mapping

The Cancer Dependency Map (DepMap) (https://depmap.org/portal/depmap/) is an ongoing 

open science project at the Broad Institute working to identify essential genes across 

hundreds of cancer cell lines. The project combines three basic approaches. The first 

involves molecular characterization of existing and new cell lines and was known as the 

Cancer Cell Line Encyclopedia (CCLE). Originally an independent project initiated in 2008 

as a collaboration between the Broad and the Genomics Institute of the Novartis Research 

Foundation, it was merged into the DepMap project in 2018. The CCLE undertook detailed 

genetic and pharmacologic characterization of a large panel of human cancer models 

to develop integrated computational analyses that linked pharmacologic vulnerabilities to 

genomic data, with the goal of translating this information into cancer patient stratification. 

The second, formerly termed Project Achilles, involves using genome wide loss of function 

screens (CRISPR, shRNA/RNAi) to create a catalogue of genetic vulnerabilities. Use of 

this resource has been facilitated by advanced computational modelling to more accurately 

interrogate the essentiality of individual genes identified through the screens. The last 

component involves using a unique assay termed PRISM (www.theprismlab.org) to evaluate 

the activity of anti-cancer agents using a multiplexed cell line platform. The PRISM-

generated sensitivity profiles are integrated with genomic information to create predictive 

models that correlate specific features with drug sensitivities. Data from all three of these 

efforts is integrated to establish predictive modelling that includes computational models of 

cancer vulnerabilities and a cancer dependency map. This map incorporates a combination 

of genetic targets, therapeutic leads and patient stratification.

While there is not yet a DepMap for canine cell lines, efforts are currently underway 

to develop such a project at the Broad Institute.108 This will tentatively include WGS 

across 100 canine cancer cell lines, with 50 lines also undergoing RNA-Seq (personal 

communication). Recently, canine specific genome wide CRISPR screens have been 

developed that are at various stages of curation.109,110 As these were constructed based on 

canFam3.1, it is likely they will undergo improvements in scope and accuracy of targeting 

following release of canFam4. In the interim, some canine cancer cell line characterization 

has already been completed. For example, WES was performed on 33 canine cancer cell 

lines from 10 cancer types to identify somatic variants that contribute to pathogenesis 

and therapeutic sensitivity.111 The authors discovered 501 non-COSMIC genes with PCR 

variants that functionally annotated with COSMIC genes. They also frequently mapped to 
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the KEGG MAPK and PI3K-AKT pathways. Twelve of the 33 cell lines were trametinib-

sensitive, all 12 exhibited constitutive or serum-activated ERK1/2 phosphorylation, and 

8 carried MAPK pathway cancer driver variants: NF1 (2), BRAF (3), N/KRAS (3). 

Additionally, eight canine osteosarcoma cell lines underwent WGS, confirming a genomic 

landscape that mirrors that previously defined for canine osteosarcoma using primary 

tumour biopsies including TP53 mutations, MYC copy number gains, loss of CDKN2A, 

PTEN, DLG2, MAGI2, and RB1 and structural variants involving SETD2, DLG2, and 

DMD. Together, these data provide preliminary evidence that a canine DepMap effort will 

likely yield important data regarding therapeutic vulnerabilities.

6.5 | Liquid biopsy

Liquid biopsy has emerged as a minimally invasive tool for the detection and monitoring 

of cancer.112,113 It relies upon the fact that dead/dying cells release DNA and RNA, among 

other components, that can be detected in body fluids, such as the blood/plasma and/or 

urine. To date, most efforts have focused on identifying circulating tumour (ct-) DNA from 

cell-free (cf-) DNA, followed by next-generation sequencing or digital PCR (dPCR). Ultra-

low-pass whole genome sequencing (ULPWGS) is commonly performed at a depth of 0.1× 

and is therefore relatively inexpensive. iChorCNA can then be employed post ULPWGS to 

generate information on tumour fraction (fraction of ctDNA in total cfDNA) and high-level 

copy number aberrations. In cfDNA samples with a tumour fraction of at least 10%, WES 

can be undertaken to achieve increased depth for variant calling using standard tools.114 

However, the limit of detection for ULPWGS is a tumour fraction of 3%–5% and as such, 

it may be challenging to use this approach for early detection of cancer when the tumour 

fraction is quite low.115,116 Sensitivity of detection can be improved using allele specific or 

drop digital PCR; however, this methodology requires pre-existing knowledge of recurrent 

single nucleotide variants (SNVs) and short indels. This is the approach utilized with the 

Cadet BRAF mutation test for canine urothelial carcinomas, leveraging the fact that greater 

than 80% of these tumours possess a specific BRAF SNV (V595E).117,118 Additionally, this 

BRAF mutation is detectable in plasma from dogs with urothelial carcinoma using allele-

specific qPCR and the level of BRAF-mutated ctDNA in plasma correlates with disease 

progression.119 More recently, a commercial canine blood biopsy test also was developed 

to aid in the diagnosis of cancer in dogs. However, this test has a relatively low sensitivity, 

particularly for detection of early cancers (i.e., sensitivity of only 20% for detecting cancers 

less than 5 cm in size).120 These data emphasize the challenges associated with using liquid 

biopsy as a screening tool for early detection.

In human oncology, there are now FDA-approved liquid biopsy diagnostics that are typically 

used as an adjunct to standard diagnostic methodologies (i.e., diagnostic in aid), not as 

a screening tool. These include the Guardant360 CDx and FoundationOne Liquid CDx 

tests, among others. The assays rely on an exome capture panel approach to detect 

specific variants/mutations known to be associated with a range of human cancers such 

as lung cancer, melanoma, and breast cancer. However, challenges remain with respect 

to sensitivity for early detection of cancer and for minimal residual disease monitoring. 

Additionally, the exome capture panel methodology does not work well for tumours with 

more chaotic tumour genomes and few recurrent mutations, in which the implicit inter-
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tumoural heterogeneity may result in an increased incidence of false negative calls. Toward 

that end, efforts are underway to expand the capacities of liquid biopsy by employing a 

multi-omics approach integrating information from DNA fragment size, epigenetic analysis 

of ctDNA, and ctRNA sequencing, among others. Additional considerations to improve 

liquid biopsy in both dogs and people include the identification of clonal haematopoiesis of 

indeterminate potential (CHIP), and improved understanding of the mechanisms associated 

with cfDNA release in the blood.

7 | SUMMARY

Incorporation of studies involving pet dogs with cancer into the preclinical research 

paradigm has increased substantially over the past decade, driven in part by the goal of 

leveraging immunologically intact model systems that more closely recapitulate human 

cancer biology. A major limitation to the use of pet dogs in this context has been the lack 

of tools, such as canine-specific monoclonal antibodies, and resources necessary for detailed 

multi-omic interrogation to both validate the model and assess mechanistic drivers of 

therapeutic response and resistance. The rapid pace of methodologic innovation, along with 

investments from both the NCI and biomedical entities, have facilitated creation of several 

new canine specific tools that are truly impacting the depth and breadth of translational 

canine cancer research. It is likely this effort will continue to grow in parallel with the 

evolving technologies over the coming decade.
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FIGURE 1. 
Analysis of scRNA-seq data from canine invasive urothelial carcinoma. This analysis was 

part of a clinical study in dogs with naturally occurring invasive bladder cancer aimed at 

defining mechanisms responsible for the anti-tumour effects of cyclooxygenase inhibiting 

drugs. Briefly, invasive urothelial carcinoma tissues were collected by cystoscopic biopsy 

before and 1 month following the initiation of cyclooxygenase inhibitor treatment. The 

tumour samples were digested with collagenase and filtered. Cells were sorted by flow-

activated cell sorting and used to generate gel bead-in emulsions (GEMs) using the 10× 

Chromium system following manufacturer’s protocol (10× Genomics, Pleasanton, CA). The 

in-GEM reverse transcription (RT) was followed by cDNA clean-up and quality control. 

Libraries were prepared using 10× Chromium Single Cell 3′ Reagents Kits and submitted 

for sequencing (Novogene, Sacramento, CA). The results demonstrated an increase in the 

expression of CD8 and other genes, and the cell types involved. (A) Heatmap representing 

gene expression in specific cell types.

(B) Representative plot with cell type assignment. (C) and (D) Plots of gene expression 

changes (C: CD8B, D: CD3D) in biopsies collected pre and post 4 weeks cyclooxygenase 

inhibitor treatment. (E) Dot plot summarizing changes in expression of multiple immune-

related genes in specific cell types pre- (top panel) and post cyclooxygenase inhibitor (lower 

panel). Figure courtesy of D. Dhawan and S. Utturkar.
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