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KEY POINTS

� The success of precision medicine for humans is based on the understanding of cancer’s
great genomic heterogeneity and the successful pairing of therapies with the genomicmu-
tations they target.

� Genomic changes shared between human and canine tumors have been the basis for pre-
dictions that human-approved drugs can be successfully used in canine oncology, and
these hypotheses have shown early initial promise.

� Multiple genomic assays, spanning early cancer detection to treatment and monitoring,
are currently available to all veterinarians.

� A growing body of information is available surrounding the safety and early efficacy of tar-
geted therapeutics in dogs.
BACKGROUND
Human Precision Medicine

The human cancer precision medicine paradigm has been built on the foundation of
understanding cancer’s genomic underpinnings and great individual variability
Remarkable improvements in human cancer patient outcomes have been achieved in
recent decades, progress best represented by the dramatic drop in cancer death
rates. As of 2020, death rates have dropped by 33% relative to their peak in 1991, ac-
counting for 3.8 million lives saved. This progress is due to improvements in treatment,
early detection and diagnosis, and management of risk factors, all of which are com-
ponents of the precision medicine paradigm arising over the past 30 years.1 “Precision
medicine” is defined by the National Institutes of Health’s National Cancer Institute
(NCI) as: “A form of medicine that uses information about a person’s own genes or
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proteins to prevent, diagnose, or treat disease. In cancer, precision medicine uses
specific information about a person’s tumor to help make a diagnosis, plan treatment,
find out how well treatment is working, or make a prognosis.”.2 A common miscon-
ception of cancer precision medicine dispelled by this definition is that precision med-
icine refers solely to the use of cancer gene sequencing tests to guide the selection of
targeted treatments. Although this type of testing (cancer gene sequencing) and this
use case for the testing (treatment guidance) are important examples of clinical tools
and scenarios at the forefront of precision care delivery culminating from decades of
research, they are only part of many aspects of the precision medicine approach. Crit-
ically important broader aspects of precision medicine in the NCI’s definition include:
(1) broader emphasis on uses of individual patient molecular information (whether
genes, proteins, or other factors) to supplement what has historically been a more
“one-size-fits-all” model focused on phenotypes (clinical signs, symptoms, imaging,
and pathology), and (2) broader emphasis on not just use of molecular information
for drug selection but also for guiding prevention, diagnosis, and prognostication.
The precision medicine paradigm not only includes clinical practice as emphasized

in the NCI’s definition but also translational research where it guides an improved un-
derstanding of tumor biology, tumor classification, and development of new drugs and
diagnostics—all in the setting of individual patient variability and a molecular under-
standing of cancer in individual patients. The human cancer precision medicine para-
digm has been built on the foundational recognition of cancer’s genetic basis and our
growing understanding of its vast and often subtly hidden individual variability.3–5

Through a series of studies in human colorectal cancer more than 30 years ago that
tracked the genetic progression of these tumors from adenomas to advanced meta-
static disease, it became clear that cancer occurs when mutations in genes that regu-
late cell life, cell death, and cell:cell interactions accumulate clonally in expanding cell
populations.5 At the convergence of genetics, cell and functional biology, and clinical
research, it then became clear that these cancer gene mutations give rise to aggres-
sive cell- and tissue-level phenotypes, such as excessive growth or invasion, leading
to the formation of malignant tumors that spread through tissues, organ systems, and
entire organisms.3 The background genetics and environment of the whole organism
as well as the individual initiating cell in which these mutations arise can also alter the
trajectory of developing cancers in different patients even though we often clinically
observe relatively high levels of phenotypic convergence based on clinical presenta-
tion, imaging, and histology within individual tumor types.4 The vast potential genomic
variability hiding below the surface of any individual cancer diagnosis was first made
clear in the mid-2000s after a revolution in DNA sequencing technology drove the cost
and turnaround time of sequencing a single genome down from greater than $100M in
years in 2000 to less than $1k and 24 hours today.6 This allowed us to move from eval-
uating individual mutations in a handful of patients in the 1990s to characterizing entire
genomes in thousands of patients today alongside deep analysis of many other mol-
ecules (eg, RNA, protein, epigenomic marks) and functional studies in tandem. These
studies have reshaped our understanding of cancer by uncovering the great genomic
complexity below the surface of any given tumor type.7

Milestones in the emergence of the human cancer precision medicine paradigm
Across the decades-long complex history of the rise of human cancer precision med-
icine, several milestones capture the major shifts in clinical practice and the research
discoveries that drove them. First, emerging from genetic studies of whole chromo-
somes in the 1960s and 1970s was the discovery that some mutations were highly
specific for individual cancer types (ie, diagnostic). These mutations also, by virtue
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of being necessary for both the initiation and ongoing survival of cancer cells, could
potentially serve as drug targets unique to the cancer cells and thereby result in broad
therapeutic windows and high response rates, in contrast to nonspecific effects of
cytotoxic chemotherapy. The prototypical example is the discovery of the Philadelphia
chromosome in chronic myelogenous leukemia (CML). This “chromosome” is a DNA
translocation in which two separate chromosomes, 9 and 22, have broken and reas-
sembled to create a new fusion gene, BCR-ABL1. The resulting protein is a constitu-
tively active tyrosine kinase that drives excessive, malignant growth signaling. The
BCR-ABL1 translocation is highly sensitive and specific for CML diagnosis, occurring
in most CML cases, and is regularly evaluated as part of the diagnostic workup. Drug
studies culminated in the discovery in the mid-90s that the targeted small molecule
tyrosine kinase inhibitor (TKI) imatinib (Gleevec) could selectively kill CML cells. Ima-
tinib has since proven highly successful in treating CML patients.8 These discoveries
cemented the early recognition of the value of genetics in cancer diagnostics while
also launching the targeted therapy paradigm that is a cornerstone of cancer precision
medicine and, through many similar discoveries across many tumor types, has been
enabling tailored cancer treatment based on the individual and not solely on histology.
The success of imatinib in CML brought hope at the turn of the millennium that new,

tumor-type-specific drugs could be developed to exploit common vulnerabilities
within certain histologies. This stimulated biology- and pathway-driven drug develop-
ment programs associated with specific tumor types. However, cancer’s genomic
heterogeneity, even within tumor types, and its importance for drug design and treat-
ment response were not yet fully appreciated until a second set of discoveries in the
2000s. These studies uncovered drug responses correlating with specific mutations
that unlike BCR-ABL1 in CML only occur in a subset of patients. Representative of
these efforts were the parallel, but unique development paths for the targeted thera-
pies gefitinib (Iressa, first-in-class epidermal growth factor receptor [EGFR] inhibitor)
and vemurafenib (Zelboraf, first-in-class BRAF inhibitor). Gefitinib is a small molecule
EGFR inhibitor that was originally developed agnostic to genetics and based instead
on the recognition that EGFR is overexpressed in many human epithelial cancers
including lung cancer. It was initially evaluated in unselected patient populations for
patients with advanced non-small cell lung cancer (NSCLC). After receiving acceler-
ated approval in 2003, it subsequently failed to show improved outcomes in confirma-
tory trials. Thus, AstraZeneca, the drug’s manufacturer, agreed to withdraw the drug
from the United States market. Meanwhile, genetic analyses in 2004 determined that
constitutively activating EGFR mutations were present in w 15% of Caucasian and
50% of Asian patients. This discovery led to new clinical trials that incorporated
EGFR-mutant–patient subgroup analysis or stratification and the subsequent major
finding of a greater than 50% response rate in EGFR-mutant patients alongside sub-
stantially longer progression-free survival (PFS) versus chemotherapy in the frontline
setting. In 2015, gefitinib was then approved by the Food and Drug Administration
(FDA) for the initial treatment of EGFR-mutant metastatic NSCLC alongside a compan-
ion diagnostic test for EGFR mutations.9 Another example, in contrast to the post hoc
rescue of gefitinib through genomic stratification, is that of vemurafenib, which was
strategically developed in response to the 2002 discovery of activating BRAF muta-
tions in w50% of metastatic cutaneous melanoma patients. Vemurafenib was the
optimized result of a structure-guided drug design and discovery program aimed at
disrupting mutated BRAF. Unlike gefitinib, it was specifically tested in BRAF-mutant
melanoma patients where it was found to have a w50% response rate and to confer
dramatic improvements in progression-free and overall survival relative to chemo-
therapy.10 Since the early days of targeted and stratified drug development beginning
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with imatinib in 2001, more than 100 molecularly targeted anticancer agents have
been approved by the FDA, many alongside companion diagnostics (including gene
sequencing panels) for use in select patient populations within and even across tumor
types.11,12 This stratification has cemented the utility of thinking about cancer as a ge-
netic disease that should be treated not just by tumor type but also individual genomic
subtype.
The final milestone in the initial development of the human cancer precision medi-

cine paradigm was the discovery of cancer’s massive heterogeneity. As genomic
sequencing technology became more accessible in the late 2000s, a growing number
of individual research teams as well as multisite genomic consortia developed for the
express purpose of harmonized genomic characterization of large cancer populations
began to map the genomic landscapes of cancer ultimately across tens of thousands
of patients with cancer.7,13,14 Discoveries emerging from these studies revealed that
cancer was far more complex than even early genomic studies had suggested, with
most tumors bearing at least several driver mutations alongside dozens, hundreds,
and, in some cases, even thousands of passenger mutations. Overall, more than
295,439 unique, likely pathogenic mutations in 707 cancer genes have been identified
in more than 200 cancer types from hundreds of thousands of human cancer cases
(COSMIC v95).15 Although broad mutation patterns often track by tumor type, a large
potential number of permutations of these mutations mean that most individual can-
cers bear a unique genomic signature. Yet, these mutations do often converge on
shared pathways that intersect the large and growing list of targeted therapies. These
mutations are increasingly well understood and many are associated with significant
clinical value. More than 5000 mutation-based biomarkers are used in diagnosis,
prognostication and/or therapy guidance in human cancer with w1500 such muta-
tions included in FDA or National Comprehensive Cancer Network clinical guide-
lines.16–18 Thus, this understanding of cancer’s substantial genomic variability along
with recognition of the biomarker value of mutations and the potential for targeted
therapies to improve outcomes in the setting of particular mutations together have
established the precision medicine paradigm in which a cancer’s genomic makeup
must be considered in the care of the individual patient.

Human cancer precision medicine is improving patients’ lives in routine practice today
The above discoveries reflect broader trends in human oncology research and clinical
practice that have refined our understanding of cancer’s initiation and progression
while also shaping the development of new cancer treatments. At the same time,
they have shaped the emergence of a thriving new discipline and diagnostic work-
streams in human cancer medicine. Precision medicine is now an established tool
that is a fundamental component not only of cancer research but also of daily, routine,
clinical practice. For example, molecular pathology has rapidly grown over the past
25 years to focus on the incorporation of genomic and molecular information into clin-
ical practice. In the United States, there are more than 231 boarded molecular pathol-
ogists, 1240 medical geneticists, and 2600 members of the American Association of
Molecular Pathology.19 In addition, more than 80 cancer genetics or genomics labo-
ratories exist in the United States across academia and industry, offering more than
1500 cancer genetic or genomic assays that are used in clinical practice and approved
by regulatory agencies.
Although there is a much wider world of cancer genomics research, drug develop-

ment, and diagnostics that comprises cancer precision medicine as discussed earlier,
the term “cancer precision medicine” is often associated specifically with the use of
cancer gene sequencing panels that evaluate many genes and mutations at once,
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often in a pan-cancer setting and are regularly used to inform the management of hu-
man cancer patients (with many variations on when and how they are used). Questions
about the value of such testing often center on cost, efficacy (“matching” and
response rates), off-label drug use, and, in general, evidence to support the nonstan-
dard decision-making that such tests can enable. Thus, many studies have sought to
assess the clinical benefit of broad genomic profiling, typically for treatment selection
in prospective clinical trials and often in pan-cancer settings, with well-known exam-
ples including the BATTLE, IMPACT, SHIVA, I-PREDICT, PERMED, and NCI MATCH
studies.20–24 Most of these studies show clear clinical benefit of some type, particu-
larly in comparison to cytotoxic chemotherapy regimens. However, biomarker:drug
match rates and response rates are sometimes low. These studies are often complex,
nuanced, and challenging to interpret, particularly in regard to their real-world clinical
value because they often focus on use in heavily pretreated cancer patients at aca-
demic centers and because, unlike in veterinary oncology, a robust standard of
care exists for most human cancer patients and these patients also often have access
to numerous clinical trials. However, evaluation of genomic diagnostic panels in real-
world community hospital settings (ie, private hospital systems not affiliated with uni-
versities) has also been shown that they improve outcomes while reducing treatment
costs and improving quality of life.25,26 Meanwhile, a significant ongoing need exists
for identification of new genomic biomarkers, development of new effective therapeu-
tics alongside companion diagnostics to facilitate their use in high-impact settings,
and continuing refinement of incorporation of genomic diagnostics into the clinical
care stream.

Summary
Genomics and precision medicine are not only driving the leading edge of care but are
also inextricably woven into the standard of care for most human cancer patients
today. Advances in the genomic understanding of human cancer have been steadily
bringing new and powerful tools to the human cancer clinic since the 1970s including
new diagnostics (single cancer genes/mutations, cancer gene panels, and companion
diagnostics) and new drugs, many of which are now developed in a genomically strat-
ified setting. In veterinary oncology, although limited by dramatically fewer resources,
we are increasingly equipped to bring this innovation to the care of pets with cancer
both via inference and lessons learned from human cancer precision medicine as
well as through growing progress being made directly in canine cancer research.

Veterinary Precision Medicine

Veterinarians have a long history of using precision medicine for purebred dogs using
breed as a proxy for certain clinically relevant genotypes in many situations including
interpretation of diagnostics (eg, hematocrit in greyhounds27), recommendations for
screening (eg, presurgical coagulation screening in Doberman Pinschers28), and
drug choices (eg, caution with ivermectin in collies29). A major breakthrough for veter-
inary precision medicine was made possible with the publication of the first canine
reference genome in 2005 by Lindblad-Toh and colleagues. This resource represents
a significant milestone in veterinary and comparative medicine,30 enabling the identi-
fication and characterization of canine genomic alterations, including disease-
associated mutations, structural variants, and regulatory elements. Among these sub-
sequent discoveries have been cancer-associated genomic variants and molecular
markers.31–35

These studies have shed light on the underlying genomic alterations and molecular
pathways that drive canine cancers, providing valuable insights into tumor
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development and progression. By identifying specific genomic mutations, chromo-
somal abnormalities, and gene expression patterns particular to specific cancers, re-
searchers have begun to characterize molecular signatures for some canine
tumors.36,37 Genomic and molecular knowledge has paved the way for developing
diagnostic tools and targeted therapies.38–42 Although the first version of the feline
reference genome was published 1 year after its canine counterpart,43 this draft
was low coverage (2X) and highly fragmented. Relative to the dog genome, slow prog-
ress in the improvement and annotation of the feline genome from 2006 to 202044 has
further delayed the potential applications of cancer genomics for this species.45

In dogs, the genetic diversity that exists across the entire genome is comparable to
that across the human genome and thus expectations that certain targeted therapies
may work in specific subpopulations of patients even in cases of poor overall drug ef-
ficacy in clinical trials is as valid in canine patients as it is for humans. Indeed, there
may be greater hope for such successes in canine subpopulations because of the
unique population structure of domestic dogs, with the overall diversity being siloed
within breeds46,47 and thus, even in mixed breed dogs, inherited according to recent
breed ancestry. In other words, there is good reason to expect that a drug showing
efficacy in only a small percentage of dogs in a genetically diverse canine clinical trial
cohort or even no efficacy in a genetically homogenous canine clinical trial (eg, a single
breed group) may prove extremely efficacious in a population enriched for a certain
biomarker or shared ancestry.

Precision medicine and genetic tests for dogs with cancer
Advances in genomic characterization of tumors are crucial for the implementation of
precision medicine approaches to treat cancer in dogs. The molecular phenotyping of
canine tumors has revealed striking similarities to those characteristics identified in
humans, enabling translation of knowledge and therapeutic strategies from human
medicine to veterinary oncology. As a result, precision treatments that have proven
effective in human patients are now being adapted and used in dogs, enhancing their
chances of successful treatment outcomes,40 advancing our understanding of cancer
biology, improving treatment options for both species,48 and offering the potential to
streamline cancer drug development pipelines.49 However, significant challenges still
arise from the limited genomic information available for certain canine tumor types,
limiting the possibility of comparative precisionmedicine trials. Representative genetic
profiles of cancer types such as thyroid carcinoma, anal sac adenocarcinoma, neuro-
endocrine tumors, and others have been published only recently,35 and many more
studies of various cancer types are needed.
As genomic research is completed, the implementation of precision medicine can

be accelerated in veterinary medicine compared with human medicine because of
the relative paucity of regulations in veterinary medicine.50,51 This increased flexibility
in veterinary medicine increases the number of options available for pets in terms of
treatment, including deviations from typical “first-line” protocols, off-label drug
uses, and drug combinations.
Technological advancements facilitated the development of specific diagnostic

tests, such as the identification of the V595E mutation of the BRAF gene in DNA found
in the urine of dogs with urothelial carcinoma or transitional cell carcinoma. BRAF
V595E has been identified in 75% to 80% of dogs with urothelial carcinoma38,39

and can be identified in urine and bladder biopsies in the early stage of disease and
thus allow faster accurate diagnosis of affected dogs.52

Continued advancements have led to development of several next-generation
sequencing (NGS) assays in veterinary medicine,53–55 two of which are currently
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commercially available. These genomic tests can be performed using DNA from
formalin-fixed paraffin-embedded (FFPE) tissue or fine-needle aspirates (FNAs) facil-
itating their incorporation into clinical routines. In 2019 and 2020, the One Health Com-
pany and Vidium Animal Health launched FidoCure and SearchLight DNA,
respectively. Both assays, available for the veterinary community, harness the power
of NGS platforms to create comprehensive genomic profiles of canine cancers, facil-
itating the identification of mutated oncogenes and tumor suppressor genes in canine
cancer and enabling genomic-guided small-molecule targeted therapy.
Recently, circulating cell-free DNA (cfDNA) has been used for cancer diagnosis in

dogs. cfDNA refers to small fragments of DNA that circulate in the plasma. These frag-
ments are released during the turnover of apoptotic and necrotic cells, including both
normal and cancer cells.56 cfDNA is typically found at lower levels in healthy patients
and higher levels in patients with cancer. In veterinary medicine, various approaches
involving cfDNA have been investigated. For instance, researchers have explored the
measurement of cfDNA concentration to assess prognosis of dogs with cancer.57–59

Small genomic alterations have been detected from DNA in plasma from dogs with
cancer using polymerase chain reaction (PCR),60 and NGS has enabled the identifica-
tion of different types of genomic alterations that, in combination with bioinformatic al-
gorithms, can detect cancer in dogs with an overall sensitivity across all cancer-
diagnosed dogs of 54.7%.61 The utility of cfDNA has been evaluated in different as-
pects of clinical oncology for different tumor types. Measurement of cfDNA associated
with DNA integrity index using fragments of long interspersed nuclear element-1 is a
valuable biomarker for disease progression monitoring in dogs with oral malignant
melanoma.62 Another non-genomic (nucleosome-based) liquid biopsy assay is also
commercially available.63 Liquid biopsy has provided valuable insights for not only
cancer diagnosis but also therapy selection, treatment response, and disease moni-
toring.64,65 Genomic characterization enables identification of specific genetic alter-
ations that guide targeted therapy selection. It allows clinicians to tailor therapies to
the unique genomic profile of the tumor, enhancing treatment efficacy and minimizing
unnecessary side effects.66,67

Targeted therapy in dogs with cancer
Several different types of targeted therapies are currently used in veterinary med-
icine, including small molecule inhibitors and monoclonal antibodies (mABs). Small
molecule inhibitors cause a direct effect on tumor cells, competitively inhibiting re-
ceptors in a reversible or irreversible manner. A major category of small molecule
inhibitors in veterinary medicine are those inhibiting tyrosine kinases (mediators
of signaling pathways of cell proliferation, differentiation, migration, angiogenesis,
and cell-cycle regulation). TKIs effectively hinder the kinase’s ability to phosphory-
late itself and initiate downstream signaling cascades.68,69 To ensure selectivity for
specific proteins, researchers have extensively characterized the adenosine tri-
phosphate (ATP)-binding pockets of various kinases. This knowledge enables
design of inhibitors exhibiting activity against restricted subsets of kinases, thereby
minimizing off-target effects on non-targeted kinases. These inhibitors are often
amenable to large-scale synthesis, possess oral bioavailability, and readily pene-
trate cells to reach their intended targets. Toceranib phosphate (Palladia, Zoetis)
and masitinib (Masivet, AB Science) were the first TKIs approved by the FDA and
the European Medicine Agency, respectively, for dogs with mast cell tumors
(MCTs). These small molecules have potent inhibitory activity against members
of the kinase receptor families such as VEGFR, PDGFR, RET, and Kit, resulting in
antitumor and antiangiogenic effects.70,71
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Small molecules can block specific pathways related to carcinogenesis, tumor
growth and block specific enzymes, growth factors, and receptors responsible for
cell proliferation.72 Small molecules are commonly recommended for human cancer
treatment, usually when a specific target is identified from NGS-based companion di-
agnostics that inform who could benefit from this specific treatment. This precision
medicine approach has already been used to treat canine cancers.40 Because there
is an overlap of 50 well-known oncogene and tumor suppressor genes, including hot-
spot mutations between both species,35 treatment using small molecules guided by
genetic alterations are likely to also bring benefits for dogs with cancer.
Instead of having a direct effect on tumor cell activity, mABs are engineered to bind

to specific proteins on the cancer cells and have unique immune-effector mecha-
nisms, such as antibody-dependent cellular toxicity, complement-dependent cytotox-
icity, and complement-dependent cell-mediated cytotoxicity.73 Unfortunately, clinical
trials assessing the efficacy of two caninized mABs developed by Aratana Pharma-
ceuticals for the treatment of B-cell and T-cell canine lymphoma, respectively, have
yielded disappointing results, potentially because of nonspecific binding activities of
these antibodies.74 On the other hand, the immune checkpoint blocking programmed
cell death 1 has been under investigation with promising results both in vitro and
in vivo,75–78 especially for melanomas,79,80 and anal sac adenocarcinoma.81

The use of smallmolecules andmABs to treat cancer in dogsprovides an opportunity
for bespoke and targeted treatments that are tumor-specific rather than delivering sys-
temic toxic chemotherapies to deplete all rapidly dividing cells. Because of the paucity
of veterinary-approved small molecules available and the fact that veterinarians can le-
gally use drugs approved for human use as long as there is no commercially available
veterinary equivalent, human small molecule therapies have been used with the out-
comes reported in the literature. For example, in canine transitional cell carcinoma, dys-
regulation in the EGFR signaling pathways is present in the majority of cases. As no
veterinary-specific EGFR inhibitor is approved, the human-approved EGFR inhibitor,
lapatinib, has been used off-label and shown efficacy in treating this disease.41

Precision medicine approaches have not just been used to improve companion an-
imal care. Genomic data associated with proteomic, transcriptomic, and metabolomic
data have been used as important tools in conservationmedicine as they do not require
species-specific diagnostic tests. Hypotheses can be examined and validated through
computational approaches without being constrained by the availability of additional
samples. Whilde and colleagues discussed several case studies where precisionmed-
icine was used to help with conditions affecting threatened species including fibropa-
pillomatosis in sea turtles, tumors in beluga whales, Ebola virus in African great apes,
chytridiomycosis in amphibians, and facial tumor disease in Tasmanian devils.82

Overall, precision medicine has the potential to revolutionize the way we diagnose
and treat canine cancer. Although much more research is needed in this area, early
results are promising, and it is likely that precision medicine will play an increasingly
important role in veterinary oncology in the years to come.

DISCUSSION
Guidelines

WHY would one consider precision medicine for the canine cancer patient?
The genomic homology between people and dogs lends support to the same success
of precision medicine in dogs as it has in people. The utilization of an individual’s can-
cer genomic signature for the selection of specific targeted therapies has proven suc-
cessful in human oncology, improving outcomes and quality of life for patients with
cancer.9–12,25,26 Shared molecular mechanisms between dogs and humans, along
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with orthologous genomic alterations in cancer genes affecting corresponding biolog-
ical pathways, support the potential benefit of using human genomic information for
clinical inferences in dogs.48,49 In fact, the structured analysis of sequence conserva-
tion and conversion of human mutations to the canine genome (“caninisation”) has
recently been applied to COSMIC, the most prominent human cancer mutation data-
base, identifying shared putative cancer-driving mutations and mutations bearing
similar biomarker associations with diagnostic, prognostic, and therapeutic utility.83

This structured caninization of human cancer mutations facilitates the interpretation
and annotation of canine mutations, allowing for the reasonable inference of
mutation-based biomarker data from the information-rich human oncology space
and responsibly meeting the clinical needs of canine cancer patients.

Precision medicine is widely available for dogs, with utility in all steps of the cancer
journey. There is already emerging evidence of precision medicine’s clinical benefit in
dogs. By leveraging the caninization of the abundant human mutation-based
biomarker information, genomic testing in dogs has demonstrated utility in providing
diagnostic guidance, prognostic support, and therapeutic options for canine cancer
patients, particularly those that have ambiguous diagnoses and therefore are inher-
ently challenging to manage.84 A recent real-world clinicogenomics study unveiled
gene-level prognostic indications for several cancer genes and potential association
of mutant genes with response to targeted therapies.40 A separate study identified
novel mutations with prognostic value and demonstrated the benefit of targeted ther-
apies, particularly those that are genomically informed, across multiple cancer types in
dogs.85 This therapeutic utility of genomic analysis allows for more effective clinical
decision-making for treatment interventions with targeted therapeutics that could
eventually prove to have synergy with or even superiority over conventional therapies.
Another meaningful avenue of genomics is screening for early cancer detection and
for cancer monitoring. An NGS-based liquid biopsy technique has demonstrated utility
as a novel option for noninvasive multi-cancer detection in dogs.61,86,87 In their en-
tirety, these bodies of work provide a compelling view of the significant potential in ge-
nomics and precision medicine for dogs with cancer. Resulting genomic and outcome
data gathered from these genomic analyses could then feed back into a data pool that
could ultimately guide novel drug development for dogs and people with cancer.

Owing to the heterogeneity of cancer, there is a need for individualized testing. The
explosion of molecular technology has highlighted the inter- and intra-tumoral hetero-
geneity within cancer types as well as across different cancers in both dogs and peo-
ple.88–90 Appreciation of this genomic diversity calls for individualized testing using
diagnostic assays to characterize a broad range of cancer types. For people, as
more molecularly guided treatments become FDA-approved, companion diagnostics
are developed alongside them to inform selection of patients for these targeted ap-
proaches. In veterinary medicine, fewer though still highly impactful assays are
increasingly available and easily accessible, enabling our canine patients to shift
away from the “one-size-fits-all” therapeutic paradigm to one that is more personal-
ized and biomarker-guided.

WHAT genomic tests are currently available for dogs?
Multiple precision medicine tools are already commercially available and increasingly
used in dogs. For dogs with cancer, there are currently several genomic assays avail-
able. Two of these use NGS technology to simultaneously evaluate multiple mutation
types in multiple genes across a variety of cancers. SearchLight DNA (Vidium Animal
Health) identifies copy number variants, single-nucleotide variants, and internal
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tandem duplications in 120 cancer genes. Mutations are then annotated as bio-
markers of diagnosis, prognosis, and therapy, with supporting evidence levels from
published literature for each biomarker association. Fidocure (The One Health Com-
pany) sequences the entire coding region of 56 commonly mutated cancer genes,
identifying single-nucleotide variants, insertions and deletions, and copy number var-
iants. Mutations identified in each patient and the relevant scientific evidence for each
variant’s relevance for prognosis and therapy guidance are described in a unique pa-
tient report, and therapies can be ordered and delivered to the patient’s home through
Fidocure’s partner compounding pharmacies.
There are several other tests that are focused on evaluating one or two genes for spe-

cific cancers, using the PCRmethod. PARR (PCR for antigen receptor rearrangements;
offeredbymultiple institutionsandcompanies) evaluatesclonalityof T-cell receptorand/
or immunoglobulin heavy chain genes to immunophenotype and/or distinguish lympho-
proliferative neoplasia from inflammation. Other available tests includeC-kit PCR (for in-
ternal tandem duplication mutation in exon 8 and/or exon 11 in the c-kit gene; Michigan
State University [MSU]); PTPN11 mutation PCR (for E76K substitution mutation in the
PTPN11 gene; MSU); transmissible venereal tumor (TVT) PCR (for long interspersed el-
ements in the cellular myelocytomatosis oncogene [c-MYC] gene; MSU); CADETBRAF
and CADET BRAF-PLUS (for V595E and copy number mutations in the BRAF gene;
Antech) to aide in the diagnosis of MCT/gastrointestinal stromal tumor (GIST), mela-
noma, histiocytic sarcoma, TVT, and urothelial carcinoma, respectively.
For early cancer detection in dogs, OncoK9 (PetDx) is a genomic screening test that

uses the liquid biopsy method. OncoK9 detects cfDNA—specifically a fraction of
cfDNA called the circulating tumor DNA (ctDNA) that originates from tumor cells—
via NGS. A clinical validation study demonstrated this assay’s detection of cancer
signal in patients representing 30 distinct cancer types.61
WHEN should one consider precision medicine?
There are many clinical scenarios where precision medicine tools should be
considered for dogs: diagnostic guidance, prognostication, therapeutic options,
cancer screening, and cancer monitoring. Diagnosis: Genomic tests that are already
commonly used in the diagnostic setting are the PCR-based tests (CADET BRAF,
PARR, and so forth). These tests aid in the diagnosis of specific cancers if they are highly
suspected from first-linepathologic evaluation.SearchLightDNA,anNGS-basedassay,
canalsobeused fordiagnosticclarification84 incases that arediagnosticallyambiguous,
based on annotation of identified mutations using human consensus guidelines.
Prognosis: Cancer prognostication can be performed with both SearchLight DNA

and Fidocure. For SearchLight DNA, the same process that is used to annotate diag-
nostic and therapeutic biomarkers is also used to annotate identified mutations as
prognostic. A recent study that used SearchLight DNA identified six genes that
were associated with shorter PFS. This same study also revealed genomically
informed targeted therapy given before first progression was associated with a signif-
icantly longer PFS (submitted for publication). Another study that used Fidocure iden-
tified five genes associated with either a positive or negative prognosis.40

Therapy: Both SearchLight DNA and Fidocure can also be used for therapeutic
guidance. These assays identify mutations that are associated with response to tar-
geted therapies based on published studies that range from preclinical in vitro studies
to well-powered in vivo studies validating mutations as proven therapeutic bio-
markers. Genomically guided therapies can be used in addition to, in combination
with, or in lieu of conventional therapies, depending on the aggressiveness of the pa-
tient’s cancer, owner’s wishes, and/or clinician’s professional guidance.
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Screening: OncoK9 is a multi-cancer early detection test for the detection and char-
acterization of cancer-associated genomic alterations. It is intended for use in dogs
that are at higher risk of cancer.

Application

HOW does one apply these tests in practice?
Case selection: Any cases that are at risk of developing cancer (such as older dogs
and/or predisposed breeds) could benefit from early screening before the develop-
ment of clinical signs. For diagnostic elucidation, cases that remain equivocal after
initial pathologic (cytologic or histologic) evaluation could benefit from PCR tests
that specifically evaluate cancers on the list of differential diagnoses and/or from
SearchLight DNA. Uncommon cases or cases that do not have definitive diagnoses
could also benefit from SearchLight DNA or Fidocure, which can provide prognostic
information based on the identification of mutations in specific prognostic genes.
Dogs that need more aggressive therapy or have failed or cannot receive conventional
therapy should also consider SearchLight DNA and Fidocure for selection of targeted
therapeutic options.
Sample types and unique collection methods: PARR can be performed from either

FFPE tissues or aspirates (depending on the providing company or institution). PCR
for c-MYC mutation (to evaluate for TVT) and C-kit mutation (to evaluate for MCT/
GIST/melanoma) can be performed on FFPE/formalin-fixed/fresh tissues or aspirates.
PCR for PTPN11 mutation (to evaluate for histiocytic sarcoma) requires whole blood in
ethylenediaminetetraacetic acid (EDTA) tubes. PCR for BRAF mutation (to evaluate for
urothelial carcinomas) requires a free-caught urine sample into a dedicated CADET
BRAF urine specimen container that contains a stabilizing agent. OncoK9 requires a pe-
ripheral whole blood sample that is collected into specialized blood collection tubes
designed topreventwhitebloodcell lysis andcfDNAdegradation. Fidocure isperformed
on FFPE samples. SearchLight DNA can be performed on FFPE tissue, FNAs, andmost
sample types in which sufficient neoplastic cellularity can be confirmed by internal pa-
thology review, such as spun-down urine and effusions, on a case-by-case basis.

WHO can use these tests?
All veterinarians, including but not limited to those involved with primary care, emer-
gency care, shelter medicine, and specialty care, have equal and easy access to all
genomic assays.

For WHAT cancers should these tests be performed?
Because the purpose of the PCR-based tests is to facilitate differentiation of cancer
types that may be morphologically difficult to distinguish, these tests should be
considered after the differential diagnoses have been narrowed to include the cancer
types for which the PCR assay is proposed to facilitate in diagnosing. SearchLight
DNA and Fidocure are designed to include all cancer types and can therefore be per-
formed on all cancers for which the sample type is accepted.

Therapeutic Options Guided by Genomic Analysis

Multiple targeted therapeutics, for which there are pharmacokinetic and safety data,
are currently available to veterinarians from at least one major compounding phar-
macy in the United States (Table 1).

Limitations

There are potential limitations to these assays. By only evaluating one or two genes in
the PCR-based assays, we may be missing other critical genes that could have



Table 1
Targeted therapies currently available for dogs

Targeted
Therapy Suggested NOAELa Typical Starting Doseb Possible Clinical Signsc

Notable Laboratory
Abnormalitiesd

Availability to
Veterinarianse

Availability of
Pharmacokinetic
Data

Crizotinib <5 mg/kg/day 1–2 mg/kg/day Emesis; watery/mucoid
feces

CBC (decreased RBC
parameters; increased
WBC parameters;
increased platelets).
Serum biochemistry
(increased ALT, AST, ALP,
GGT; decreased albumin
and calcium)

Yes Yes

Dasatinib <0.75 mg/kg/day 0.5 mg/kg/day Emesis and bloody
vomitus; liquid, mucous,
and blood in feces

Serum biochemistry
(decreased total
protein, albumin,
globulins; increased
ALT)

Yes Yes

Ibrutinib 1.5 mg/kg/day 2.5–5 mg/kg/day Soft feces/diarrhea;
emesis; decreased food
consumption; reddened
or pale gums; raised
reddened or white areas
on gums; tremors,
intermittent convulsion,
rigid muscle tone

CBC (increased WBC
parameters; increased
platelets). Serum
biochemistry (increased
AST, triglycerides)

Yes Yes

Imatinib 3 mg/kg/day 10 mg/kg/day Emesis CBC (decreased RBC and
WBC parameters).
Serum biochemistry
(increased ALT)

Yes Yes

Lapatinib 10 mg/kg/day 20–30 mg/kg/day Decreased activity;
dehydration; salivation;
loose feces; ulcerations
in paw and mouth;
scabs; emesis

CBC (increased WBC
parameters). Serum
biochemistry (increased
bilirubin, total bile
acids, ALP, ALT).
Urinalysis (increased
bilirubin)

Yes Yes

C
h
o
n
e
t
a
l

1
2



Olaparib <3 mg/kg/day 2.5–3 mg/kg/day Lethargy CBC (decreased RBC and
WBC parameters;
decreased platelets)

Yes Yes

Palbociclib <2 mg/kg/day 0.6 mg/kg/day Soft feces; red/swollen
pinnae

CBC (decreased RBC and
WBC parameters,
particularly neutrophils;
decreased platelets)

Yes Yes

Sirolimus <0.1 mg/kg/day 0.1 mg/kg/day Emesis; diarrhea; anorexia;
weight loss; red lesions
on gums

CBC (increased WBC
parameters)

Yes Yes

Sorafenib <3 mg/kg/day 5 mg/kg q12 h Liquid feces � blood or
mucus; weight loss;
sparse hair coat,
pustules, alopecia with
reddened or bluish skin,
dark axillary skin

CBC (decreased RBC
parameters; increased
WBC parameters;
increased platelets).
Serum biochemistry
(increased ALT, AST, ALP,
GGT)

Yes Yes

Toceranib Not observed (clinical
changes noted at all
evaluated dose levels)

2.75 mg/kg every other
day

Diarrhea, blood in stool,
hemorrhagic diarrhea;
anorexia; lethargy;
vomiting; nausea;
lameness; weight loss;
dermatitis; pruritus;
tachypnea; localized
pain; flatulence;
conjunctivitis

CBC (decreased
hematocrit; decreased
platelets; decreased
neutrophils). Serum
biochemistry (increased
ALT, creatinine,
bilirubin; decreased
albumin). Urinalysis
(urinary tract infection)

Yes Yes

Trametinib <0.4 mg/m2/day 0.5 mg/m2/day Skin lesions, scabs,
discharge from and
swelling of prepuce or
vulva; salivation;
gastrointestinal toxicity;
lethargy

CBC (anemia, increased
reticulocyte count).
Serum biochemistry
(increased liver
enzymes). Urinalysis
and/or UPC (increased
protein). Blood pressure
(increased)

Yes Yes

(continued on next page)
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Table 1
(continued )

Targeted
Therapy Suggested NOAELa Typical Starting Doseb Possible Clinical Signsc

Notable Laboratory
Abnormalitiesd

Availability to
Veterinarianse

Availability of
Pharmacokinetic
Data

Vorinostat 60 mg/kg/day 22 mg/kg every other day
to 30 mg/kg/day

Non-formed or liquid
feces; weight loss;
dehydration; hypoactive
behavior; pale gums;
emesis; nausea

CBC (increased or
decreased RBC
parameters; increased
WBC parameters;
increased platelets).
Serum biochemistry
(increased APTT,
protein, albumin,
creatinine, BUN, BG;
decreased P, Na, K, Cl).
Urinalysis (increased
urine volume, decreased
USG, positive occult
blood in urine)

Yes Yes

Abbreviations: ALT, alanine transaminase; ALP, alkaline phosphatase; APTT, activated partial thromboplastin clotting time; AST, aspartate aminotransferase; BG,
blood glucose; BUN, blood urea nitrogen; CBC, complete blood count; GGT, gamma-glutamyl transferase; RBC, red blood cell; NDA, new drug application; UPC,
urine protein-to-creatinine ratio; USG, urine specific gravity; WBC, white blood cell.

a No observed adverse effect level, based on a combination of primary canine publications and canine-specific data in the NDA.
b Based on personal communication with multiple veterinary oncologists.
c Typically seen at doses significantly higher than NOAEL based on studies performed in the NDA, and these signs could also represent feedback from clinicians

using this drug on their patients.
d Changes typically seen at doses higher than NOAEL.
e Available in at least one major compounding pharmacy in the United States.
Data from Refs.91–104
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therapeutic, diagnostic, or prognostic biomarker associations. For pan-cancer, multi-
gene panels, intra-tumoral heterogeneity may preclude representative sampling for
genomic analysis. The efficacy of targeted therapeutics for dogs, whether used alone
or in combination with conventional therapies, has yet to be fully explored, although
we have early compelling evidence supporting its utility. Finally, for liquid biopsy
methods that rely on ctDNA, there is a possibility for insufficient ctDNA in circulation
for confident detection and characterization of cancer.

Looking Toward the Future

Emerging evidence of human precision medicine success paves a path toward its
broad applications in veterinary medicine. There are already promising early indica-
tions for the utility of genomics in cancer monitoring via a noninvasive liquid biopsy
method. Genomics can be used to predict future cancer development or to predict
disease risk, such as the use of germline BRCA mutations to predict breast cancer
risk in women. Genomics can also synergize with and mutually bolster other disci-
plines, such as immunotherapy, pharmacology, and other "’omics", providing a
more comprehensive approach to cancer care. Finally, because sequencing technol-
ogy continues to advance and become more efficient, we can expect the cost of per-
forming high-throughput genomics to decline with time, allowing more pets to enjoy
the many life-saving benefits of precision medicine.

SUMMARY

1. Precision medicine focuses on the clinical management of the patient based on the
individual, not based on population-based findings.

2. There are many successes of precision medicine implementation in human
oncology and it is therefore integrated into human cancer management. It is
increasingly integrated into canine cancer management, with early evidence of
its success.

3. In canine oncology, precision medicine can be integrated into practice as a com-
plement to the conventional approaches to disease characterization, treatment,
and monitoring.

4. As genomic profiling costs decrease with time, test costs will decrease, allowing for
increased utilization and subsequent improvement of knowledge base from which
to make better-informed decisions.

5. Integration of precision medicine in canine oncology has already begun and will
only expand in utility and use by veterinarians for improved cancer characterization,
enhanced therapy selection, and overall more successful management of canine
cancer. As such, practitioners are called to interpret and leverage precision medi-
cine reports for their patients.

CLINICS CARE POINTS
� Genomics-informed targeted therapies have proven repeatedly successful for human
genomic targets, with initial evidence of efficacy in homologous canine targets.

� Several genomic assays, spanning cancer screening to treatment selection, are currently
commercially available at the disposal of every veterinarian.

� A growing body of information is available surrounding the safety and early efficacy of
targeted therapeutics in dogs.
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