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Editorial on the Research Topic
 Precision Medicine in Veterinary Oncology



Cancer is one of the most important diseases worldwide, with a global estimate of 10 million cancer-related deaths in 2020 (1). Although cancer prevention, diagnosis, and treatment have significantly improved in recent years, several cancers still represent a therapeutic challenge (2). The identification of tumor-specific characteristics has allowed for the use of monoclonal antibodies and tyrosine kinase receptor antagonist in cancer management and treatment. However, there is a growing need for models to study the efficacy of these new therapies. In this scenario, dogs and cats represent a unique opportunity for comparative oncology initiatives.

The Comparative oncology research has been strengthened in the last decade and uses animals as models to study human cancers. Initially, this concept was developed from the use of laboratory animals in cancer research and then re-shaped according to the new concept of One Health (3, 4). Since dogs develop spontaneous cancers with similarities to their human counterparts, they have been used as a model for new therapeutic interventions (5). Among the new therapeutic interventions, precision medicine has experienced unprecedented growth in recent years.

Research investigating and advancing precision medicine aims to identify individual tumor characteristics and provide treatment recommendations according to specific druggable target identification. Precision medicine covers different areas, including the identification of genomic markers, drug discovery, and health communication, supporting decision-making and providing evidence to choose the best treatment for patients (6). Although precision medicine has grown and matured tremendously in human cancer research, this concept is still new in veterinary oncology.

To fill this gap in veterinary oncology, this Research Topic is a compilation of the original and review articles that provide the most recent progress in precision oncology applied to veterinary cancer research. To instigate readers' interest in this new subject of veterinary oncology, we introduce here the main findings reported by different authors in their 10 manuscripts that form the bulk of this Research Topic.

Chibuk et al. reviewed the fundamentals of cancer genomics and provided a detailed explanation of the applications of liquid biopsies for the detection, characterization, and management of cancers in dogs. Gray et al. showed the importance of the tumor microenvironment and hypoxia as a tool for integration in a precision medicine approach. Overall, the authors reviewed several markers and technologies to be applied in precision oncology, including polymerase chain reaction assays to monitor tumor resistance and new targets for generating tyrosine kinase inhibitors. The third review paper provided a more specific direction for investigating the role of precision medicine in the diagnosis and treatment of canine mammary tumors. Valdivia et al. performed a comprehensive literature review on canine mammary tumors (CMTs), providing the most recent advances in the field of precision medicine, including the use of vasculogenic mimicry as a prognostic marker.

Interestingly, among the seven original manuscripts, three manuscripts introduced a new therapeutic perspective for canine prostate cancer. Schille et al. investigated the anti-tumor effects of PDA-66 and PDA-377 indolylmaleimides in canine prostate cancer cell lines. The authors demonstrated an interesting modification of prostate cancer cells after PDA-66 treatment and identified its anti-tumor effect through mitotic death. Another study by Kobayashi et al. investigated the antitumor effect of toceranib phosphate on two different canine prostate cancer cell lines, complemented by the cell line transcriptome after treatment. These authors identified both toceranib phosphate-sensitive and -resistant cancer cell lines. In particular, the cell line susceptible to toceranib phosphate displayed several transcriptome alterations, including dysregulation of the platelet-derived growth factor receptor pathway. Brito et al. evaluated the antitumor effect of a natural plant extract (Synadenium grantii) on two canine prostate cancer cell lines. These authors characterized the active principles of the plant extract using high-resolution mass spectrophotometry and demonstrated in vitro cytotoxicity in both prostate cancer cell lines.

Canine mammary gland tumors (CMTs) were also investigated in two original studies. Biondi et al. quantified global DNA methylation in CMTs in correlation with clinicopathological factors. Interestingly, the authors identified a specific pattern of global DNA methylation according to the tumor behavior, with hypomethylation being the most common in aggressive histological subtypes. Nakagaki et al. provided a morphological and phenotypic description of a new set of CMTs with neuroendocrine differentiation. Finally, Gambim et al. performed a meta-analysis and in silico analysis of dysregulated genes and proteins in canine bladder tumors, describing several genes with prognostic value in both human and canine bladder cancer.

Altogether, these manuscripts present new knowledge on the application of precision medicine in veterinary oncology that may drive a broader use of this strategy in veterinary oncology practice. The investigation of precision medicine approaches in veterinary oncology thus continues to be essential for a better strategy for cancer management and treatment in animals.
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Treating individual patients on the basis of specific factors, such as biomarkers, molecular signatures, phenotypes, environment, and lifestyle is what differentiates the precision medicine initiative from standard treatment regimens. Although precision medicine can be applied to almost any branch of medicine, it is perhaps most easily applied to the field of oncology. Cancer is a heterogeneous disease, meaning that even though patients may be histologically diagnosed with the same cancer type, their tumors may have different molecular characteristics, genetic mutations or tumor microenvironments that can influence prognosis or treatment response. In this review, we describe what methods are currently available to clinicians that allow them to monitor key tumor microenvironmental parameters in a way that could be used to achieve precision medicine for cancer patients. We further describe exciting novel research involving the use of implantable medical devices for precision medicine, including those developed for mapping tumor microenvironment parameters (e.g., O2, pH, and cancer biomarkers), delivering local drug treatments, assessing treatment responses, and monitoring for recurrence and metastasis. Although these research studies have predominantly focused on and were tailored to humans, the results and concepts are equally applicable to veterinary patients. While veterinary clinical studies that have adopted a precision medicine approach are still in their infancy, there have been some exciting success stories. These have included the development of a receptor tyrosine kinase inhibitor for canine mast cell tumors and the production of a PCR assay to monitor the chemotherapeutic response of canine high-grade B-cell lymphomas. Although precision medicine is an exciting area of research, it currently has failed to gain significant translation into human and veterinary healthcare practices. In order to begin to address this issue, there is increasing awareness that cross-disciplinary approaches involving human and veterinary clinicians, engineers and chemists may be needed to help advance precision medicine toward its full integration into human and veterinary clinical practices.

Keywords: precision medicine, tumor microenviroenment, implantable technologies, genomics, one-health


INTRODUCTION

Precision or personalized medicine endeavors to enhance patient outcomes by treating individuals based on certain factors. These factors can include disease biomarkers and molecular signatures at the cellular level but also the phenotype, environment, and lifestyle of the individual (1). While precision and personalized medicine are similar concepts, there are some differences in their definitions. Precision medicine greatly depends on data collection, data analysis and information whereas personalized medicine is a healthcare model that takes into account patient genetics with consideration of patient preferences, beliefs, attitudes, and social background. However, as a result of concerns that the phrase “personalized” might be misinterpreted, possibly leading patients to believe that unique treatments and/or drugs were being developed particularly for themselves, “personalized medicine” has now largely been replaced with the term “precision medicine” (2, 3).

The National Research Council in America (4) adopted the definition of precision medicine from the President's Council of Advisors on Science and Technology in 2008 as: “The tailoring of medical treatment to the individual characteristics of each patient…to classify individuals into subpopulations that differ in their susceptibility to a particular disease or their response to a specific treatment. Preventative or therapeutic interventions can then be concentrated on those who will benefit, sparing expense and side effects for those who will not.” As the definition implies, the overall aim of precision medicine is to provide the most effective treatment for a patient (5), enhancing the quality of care whilst also decreasing the use of unnecessary diagnostic tests and therapies, thereby reducing costs and side effects (6).


The Precision Medicine Initiative

Precision medicine has obtained increased awareness in recent years within both human and veterinary research and clinical communities. The announcement of the “Precision Medicine Initiative” by Barack Obama during the State of the Union Address in 2015 led to increased media coverage and awareness within the lay community. This initiative sought to encourage research in the field of precision medicine in an effort “to bring us closer to curing diseases like cancer and diabetes—and to give us all access to the personalized information we need to keep ourselves and our families healthier” (7). The Precision Medicine Initiative, now termed “All of US,” plans to register over 1 million participants (8). Those enrolled are expected to disclose any data produced from sequencing, digital healthcare technologies and electronic medical records over a 10 year period. These data will then be examined to increase our understanding of disease biology and pathogenesis whilst providing data to enable a precision-led healthcare approach for both individuals and the population as a whole.

The former Prime Minister of the UK, David Cameron, launched the 100,000 Genomes Project in 2012 (9). This project was led by Genomics England and the National Health Service and aimed to use whole-genome sequencing to improve the management of patients diagnosed with cancer and rare inherited diseases. 13 Genomic Medicine Centers were created to carry out this programme and in 2018 this initiative reached its goal of sequencing 100,000 whole genomes. This project not only provided whole-genome sequencing data for patient treatment selection or enrolment into clinical trials, but also enabled researchers to have access to anonymous clinical and genomic data sets. In veterinary medicine in the UK, “Dogslife” was the first national longitudinal canine health program to be set up. Launched in 2010, the study aims to identify genetic and environmental risk factors for canine diseases and use the information to generate disease risk reduction approaches (10).

The feasibility of implementing the precision medicine initiative has improved in recent years largely due to decreased costs associated with high-throughput DNA sequencing, the implementation of electronic medical records across the country and the utilization of advanced imaging systems that have the ability to assess the tumor microenvironment (TME). Additional genome-based technologies are also progressively being employed as either diagnostic assays to categorize disease, or as prognostic or predictive tests. Collectively, these approaches have been seen as the foundation for a new molecular disease classification system which will deliver a more accurate means by which clinicians can screen for and discover disease at its earliest stages. This ultimately will enable the selection of drugs and/or treatments directed by individual patient genetics. Since disease evolution from baseline risk to clinical symptoms frequently takes many years, intermittent molecular and digital profiling is expected to advance healthcare approaches from acute intervention and disease control toward a greater emphasis on pro-active management of disease risks and eventually disease prevention (8).

Oncology is perhaps one field that precision medicine can be most readily applied to. Cancer is a heterogeneous disease and although patients may be diagnosed with the same histological cancer type, their tumors may have varying genetic mutations or TMEs that lead to different responses between patients treated in the same way (11). Distinct treatment approaches for individual patients may therefore lead to improved outcomes (12). Within the field of oncology there is increasing awareness that cross-disciplinary approaches involving human and veterinary clinicians, engineers, and chemists may be needed to make significant progress in the field of precision medicine. In this review we discuss precision medicine with particular emphasis on the TME and describe how multidisciplinary groups are investigating the use of novel implantable technologies to achieve precision medicine. Finally, we describe a range of veterinary clinical studies that have used a precision medicine approach in a range of cancers in an attempt to improve patient outcome (Figure 1).


[image: Figure 1]
FIGURE 1. Comparison of the currently employed traditional healthcare practices with prospective precision medicine approaches in veterinary oncology. Veterinary patients presenting with the same tumor type are currently classified by their clinical stage and histological grade. This usually leads to a dichotomic decision to treat with standard specific treatment protocols, or not to treat at all. The vision of precision medicine is to develop diagnostic and monitoring techniques, applied to tumors of the same histological grade and clinical stage, to distinguish an optimized treatment strategy for each individual patient. Figure created with BioRender.com.




The Tumor Microenvironment

Assessing the TME to improve patient treatment can be considered an important aspect of precision medicine. Stephen Paget initially put forward the concept of the TME in his seed and soil theory, which postulated that cancer development and progression are regulated by the interaction of cancer cells with the external environment of the tumor (13). The TME is a complicated network, comprising of not only the tumor cells themselves but also various tumor-associated cells. These associated cells include cancer stem cells, cancer-associated fibroblasts, mesenchymal stem cells, pluripotent stromal cells, cancer-associated adipocytes, endothelial cells, pericytes, and tumor-associated immune and inflammatory cells. These tumor-associated cells secrete soluble molecules and microvesicles that control the interactions of cancer cells with other cell types. This can influence how the tumor cells proliferate, oppose apoptosis, avoid elimination from the immune system, preserve stemness, invade, and metastasize (14).

The physiology of cancers differs greatly from that of normal tissues within the body; this situation results from the tumor needing to develop its own blood supply as it begins to outgrow the accessible vasculature from the organ in which it originates. However, the tumor neovasculature is crude and disordered, suffering from many functional and structural irregularities. This tumor vasculature system is therefore unable to satisfy the metabolic needs of the developing cancer (15). This leads to areas within a tumor that have differing O2 tensions (anoxia, hypoxia, and normoxia) in combination with glucose deprivation, interstitial hypertension, and extra-cellular acidosis (16, 17). The differing compositions of TME between patients is thought to impact the effectiveness of different cancer therapies. If TME parameters such as biomarkers, cancer metabolites, chemotherapeutic drug concentrations or intra-tumoural pH and O2 could be analyzed over the course of a patient's treatment schedule, then this information could influence the management of the patient. Treatment could be tailored on the basis of the tumor's response to the initial therapy or through the identification of early markers of tumor recurrence or metastasis (18).


Tumor Hypoxia and pH

Low O2 levels, or hypoxia, is a regular feature of many tumors. Approximately 60% of solid cancers contain hypoxic areas heterogeneously dispersed throughout the tumor (15); this makes O2 a very relevant TME parameter to investigate. The vast majority of non-cancerous mammalian tissues operate in O2 levels of 2–9%. Hypoxic and severely hypoxic states, defined as ≤2% O2 and ≤0.02% O2, respectively (19), can occur within tumors via 4 main mechanisms:

1) Diffusion-limited hypoxia. Mainly leading to chronic hypoxia, diffusion-limited hypoxia is caused by viable aerobic cancer cells positioned close to blood vessels using the O2 transported in red blood cells (RBC). O2 levels decrease as the distance from the vasculature increases, resulting in hypoxia (20, 21). Even though O2 can diffuse up to 150–180 μm from a blood vessel, the distance at which hypoxia arises is dependent on the ability of RBC to carry O2, in addition to the metabolic needs of the cancer cells situated closest to the blood vessels (22).

2) Perfusion-limited hypoxia. This mostly leads to acute and transient hypoxia, and is caused by interruptions to blood flow (23, 24) resulting from structural/functional defects of micro-vessels within a cancer, which can lead to micro-vessel collapse/blockade (25). This may lead to complete ischemic hypoxia, or hypoxia that stops RBC flow but permits plasma flow to continue the provision of nutrients to the cancer cells.

3) Anemic hypoxia. Resulting from therapy-induced and/or tumor-associated anemia that causes decreased RBC O2 transport capabilities (20, 26).

4) Macroscopic regional hypoxia. Occurs due to the production of an O2 gradient over the length of a blood vessel. Blood present at the arterial extremity has the highest O2 levels, which is quickly consumed by tumor cells present in this area. O2 levels in the blood decrease as distance from the arterial end increases. As a result, cancer cells positioned at the distal end of the blood vessel may be hypoxic, even if they are close to the vessel (27, 28).

While it seems reasonable that low O2 levels would produce an adverse environment for cells to survive, tumor cells possess the ability to create a hypoxic response through alterations in gene expression that shield them from cell death mechanisms (29). Cancer cells that are incapable of adjusting to low O2 concentrations will perish, resulting in the selection of tumor cells with hypoxic-induced, genetically-fixed characteristics, known as a “hypoxic phenotype” (30). This hypoxia-driven malignant progression can lead to tumor cells becoming increasingly metastatic and therapy-resistant (31). There are a variety of crucial inducible transcription factors that participate in this hypoxic response, with hypoxia inducible factor-1 (HIF-1) being the one that has been most comprehensively studied so far (32–35). In areas where O2 levels are approximately 2% or less, these transcription factors are stabilized and transported to the cell nucleus, where they then bind hypoxia-response elements present in the promoter regions of target genes, leading to transcription (36). These hypoxia-regulated genes are involved in processes such as erythropoiesis, angiogenesis, apoptosis, autophagy, proliferation, glucose metabolism, intra-cellular acidosis, and metastasis. These adaptations enhance the capacity of cancer cells to endure these hostile low O2 TME regions (37).

In order to counteract the reduced mitochondrial ATP production that occurs due to low O2 levels, hypoxic cells can instead get their energy through anaerobic glycolysis, resulting in the generation of lactic acid, which can cause substantial acidosis within solid cancers (38). Even in normoxic conditions, some cancer cells still rely on glycolysis for energy production. This phenomenon, known as the Warburg effect, can lead to discrepancies in the spatial/temporal distribution of areas with low O2 concentrations and increased amounts of acidosis (39–41).



The Tumor Microenvironment and Its Effect on Treatment Responses

The heterogeneity that occurs within the TME can influence how tumors respond to frequently-employed cancer treatments and can subsequently have a negative impact on patient outcome. The abnormal cancer vasculature can inhibit the delivery of systemic drugs to the tumor, leading to heterogeneous drug dissemination within cancer tissue (42). In immunotherapy, high molecular weight drugs access cancer cells by the interstitial space rather than through blood vessels (43). Interstitial hypertension that can occur within tumors pushes fluid out of the interstitial space, thus restricting drug delivery (44, 45).

O2 levels within tissues can also affect tumor radiosensitivity and the efficacy of chemotherapeutic drugs (46). Radiotherapy works through damaging the DNA of cancer cells, either via the direct route (the ionizing radiation directly produces double or single strand breaks in the DNA) or the indirect route (ionizing radiation produces free radicals within the cancer cells, which subsequently cause DNA damage). It has been shown that tumor cells exposed to low O2 concentrations can tolerate radiation doses 2–3 times higher than that which can be withstood by normoxic cancer cells. The O2 fixation hypothesis has been suggested to explain the role of O2 in radiotherapy (19, 47). O2 present in cancer tissues reacts with DNA radicals produced as a result of radiation treatment, leading to the production of irreparable peroxy radicals. However, this reaction does not take place when O2 is not present; in these instances, damaged DNA strands can be repaired by free-radical scavengers such as endogenous thiols, granting these hypoxic cancer cells a considerable survival advantage (48). The effect that O2 has on radiotherapy was emphasized in a significant global clinical study which showed that pre-treatment O2 levels within head and neck tumors was a prognostic factor for survival post-radiotherapy (+/– chemotherapy, surgical intervention, or radiosensitizer) (49). While the form of hypoxia (i.e., acute or chronic) is unrelated to the initial radioprotective effect, cancer cells under chronic hypoxic conditions are usually more deprived of nutrients in comparison to acutely hypoxic cells. This nutrient deprivation could have a part to play in the cell's capacity to repair radiation-induced DNA damage; as such, acute hypoxic cancer cells may be more radioresistant than chronic hypoxic cells.

Reduced O2 levels and low pH conditions can also decrease the proliferation rates of tumor cells (50); this can in turn inhibit the efficacy of cytotoxic drugs that target rapidly-dividing cancer cells (51). Chemotherapeutic drugs such as doxorubicin (DOX) have also been shown to have increased efficacy in normoxic conditions; the intra-cellular metabolite of DOX reacts with O2 present in the TME, leading to the generation of reactive oxygen species (ROS). These ROS damage major components of the cell, leading to cellular death (52). This reaction does not take place in areas of the tumor where O2 levels are reduced (≤0.33%), leading to a reduction in the efficacy of DOX (53–55).




Therapeutic Strategies to Target Hypoxic Tumors

Different treatment approaches have been assessed for their capacity to surmount hypoxia-related resistance to radiation. These strategies include hyperbaric O2 treatment, the administration of agents that target the hypoxic areas of cancers, or drugs that are activated in these low O2 regions. Hyperbaric O2 therapy, which uses high ambient air pressures to increase the amount of O2 carried in the patient's blood, has been found to have a beneficial effect in patients suffering from head and neck squamous cell carcinomas (HNSCC) (56); in spite of this, varying data produced from clinical trials in other cancer types, in addition to the logistical issues associated with its use, have hindered its general utility. Additionally, this form of therapy is not appropriate in combination with some chemotherapeutic drugs, including DOX, because it increases the likelihood of systemic ROS-mediated toxicities (57). A different method that has been used to increase O2 levels within tumors is the administration of carbogen with nicotinamide. Carbogen (also named Meduna's Mixture after its inventor) is a mixture of CO2 and O2 and has the ability to diminish diffusion-limited hypoxia, while nicotinamide is a vasoactive agent that counteracts acute hypoxia resulting from reduced perfusion. Accelerated radiotherapy in combination with carbogen and nicotinamide (ARCON) has been assessed in several clinical trials, demonstrating enhanced locoregional control and disease-free survival (58, 59). Likewise, clinical trials using nitroimidazole derivatives (e.g., nimorazole and doranidazole) that mimic the effects of O2, have shown that these drugs can produce survival benefits when combined with chemoradiotherapy in HNSCC (60) and non-small cell lung cancer (NSCLC) patients (61), or when used with radiotherapy alone (62, 63). In both Norway and Denmark, nimorazole combined with radiotherapy is the standard of care treatment for head and neck cancers (60, 62, 64). Additionally, the combination of radiotherapy with nicotinamide and carbogen has exhibited encouraging results in bladder and laryngeal cancers (65).

The identification of hypoxic tumor areas can also allow more effective delivery of radiation. Tumors that have large regions of hypoxia could be given increased radiation doses over the gross tumor volume; however, this method may lead to an escalated risk of damaging surrounding normal tissues. A superior technique would be to establish a biological target volume based on low O2 levels. With this approach the overall dose given to the gross tumor volume stays the same but it is redistributed to specific tumor regions; increasing the dose delivered to the low O2 areas, whilst decreasing that given to the regions with higher O2 concentrations. The biological target volume could also be given boost doses, either applied homogeneously over the hypoxic sub-volume, or altered in accordance with the local O2 levels. Improvements in radiation-delivery technology, including intensity-modulated and image-guided radiotherapy, enable highly conformal and accurate delivery of radiation; these developments mean that the use of sculpturing techniques or dose painting by numbers are becoming increasingly attainable (66). These new treatments are substantiated by modeling studies, which indicate that a boost dose of 10 Gy to low O2 regions in HNSCC patients could lead to a 17% increase in tumor control probability, without escalating the risk of complications (67). A different study has demonstrated that dose escalation, employing dose painting by numbers to the biological target volume, could also result in improved tumor control probability compared to that achieved with uniform dose escalation (68).

Case selection is a crucial feature of clinical trials designed to assess hypoxia-modifying therapies. Unfortunately, many previous studies enrolled patients into these clinical trials without initially determining the hypoxic nature of the tumors. Failure to specifically detect hypoxic tumors would inevitably lead to treating patients who were unlikely to gain any benefit from hypoxic modification. This issue leaves us with a crucial question: what is the best method to analyse O2 levels so clinicians can effectively decide which patients will benefit from therapeutic strategies designed to target hypoxic cancer cells?



Tumor Functional Assessment

There are various methods by which hypoxic areas within tumors can be detected, but none are used routinely either due to their invasive nature or difficulties in incorporating them into clinical practice (Table 1). One of the first approaches for directly measuring intra-tumoral O2 was with the Eppendorf O2 electrode (70). This technique showed associations between hypoxia and treatment responses in numerous cancer types (71–73, 73–75) and that O2 concentrations within breast cancer tissue can be lower than that of normal breast tissue (70). However, this technique is invasive and only applicable to readily accessible tumors and is not used routinely in the clinic.


Table 1. Methods used for measuring tumor hypoxia.
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While the Eppendorf O2 electrode represents a direct method of measuring O2 concentrations within cancer tissues, there are also various indirect methods that can be utilized. The use of cancer tissue biopsies to identify molecular reporters of O2 is one such indirect method. Nitroimidazole-based agents, such as pimonidazole, are chemicals that produce adducts with intra-cellular macromolecules in reduced O2 concentrations (76); pimonidazole has been utilized successfully in clinical trials to choose patients that would be suited for treatment with hypoxia-modifying drugs alongside accelerated radiotherapy (58, 59). To exploit the cellular response of cancer cells to low O2 levels, the expression levels of hypoxia-induced genes, mRNAs, and proteins have also been employed as biomarkers of hypoxia (77–80). In dogs with mammary tumors, high VEGFA gene expression has been associated with poor outcome, with one study suggesting that it could be used as a prognostic marker to identify dogs at risk of disease progression (81). However, markers including HIF-1, CA9, VEGF and GLUT1, analyzed either at the mRNA or protein level, or through the use of nitroimidazole, have frequently brought about contradictory results. This is probably because these genes and proteins can be regulated by factors other than O2, such as glucose levels or extracellular pH (82–84), or their expression is induced at O2 concentrations not low enough to have a significant radiobiological effect. For nitroimidazole to bind to macromolecules it requires cells to be hypoxic for long periods of time. Therefore, this can result in an underestimation of the levels of acute hypoxia within the TME.

These problems led to the production of hypoxic signatures that were created by pinpointing a variety of genes that were upregulated in low O2 conditions; these signatures were produced from either cell lines or clinical tissues (85–92). The Toustrup15-gene-classifier is one such signature that was generated from a panel of genes ascertained using HNSCC cell lines; these genes were found to be upregulated by hypoxia, independent of pH (85). This gene signature was further developed in a training cohort of 58 patients suffering from HNSCC, with O2 levels analyzed with an electrode. The classifier was validated in a Danish study where patients were randomly selected to be treated with radiotherapy combined with either the hypoxic radiosensitizer nimorazole or a placebo. The classifier was shown to be prognostic and also possessed predictive power for hypoxic modification (85, 93, 94). The 26-gene signature generated by Eustace et al. (91) is another classifier based on a metagene signature generated from patients suffering from lung, breast and head and neck cancers. The ARCON trial carried out in the Netherlands assessed this signature, evaluating radiotherapy combined with nicotinamide and carbogen compared to radiotherapy alone in patients with laryngeal cancer. The patients that were classed as “more hypoxic” with the 26-gene signature exhibited significantly better locoregional control when treated with hypoxia-modifying compounds (44, 59).

Indirect assessments of tumor hypoxia rely on the ability to obtain a tissue sample. Unfortunately, these can be extremely challenging or even impossible to acquire due to tumor location or the patient's condition. Treatment response monitoring through repeat biopsies is also difficult to clinically justify. The measuring of hypoxic-related biomarkers in blood samples has been investigated as a means of overcoming these issues. In humans, high levels of plasma osteopontin have been associated with a poor prognosis in head and neck cancers, which could be improved with O2-mimicking drugs (95). Serum concentrations of HIF-1α and VEGF in dogs with mammary tumors have also been shown to have prognostic merit; high VEGF levels were associated with lymph node and distant metastasis, tumor vascularization and decreased survival times, whereas high HIF-1α levels were related to local recurrences or metastatic lesions (81). The major disadvantage of using blood to evaluate the hypoxic status of tumors is that the sample, in effect, does not analyse the tumor at all. This means that specific hypoxic tumor areas cannot be identified and alterations to the O2 distribution within the tumor cannot be assessed. Tumor hypoxia assessment through non-invasive advanced imaging techniques, such as positron emission tomography (PET) and magnetic resonance imaging (MRI), offer the ability to evaluate the whole tumor volume whilst providing a means for repeat measurement.

Dynamic contrast-enhanced MRI (DCE-MRI) typically uses an intravenous injection of a gadolinium-based contrast agent. Signal changes identified by MRI as the agent passes through the tumor's blood supply provide an indication of intra-tumoral perfusion. Blood O2 level-dependent (BOLD) MRI imaging detects signal alterations caused by changes in deoxygenated hemoglobin levels. Patients are required to undergo dynamic challenges to alter deoxygenated and oxygenated hemoglobin ratios in order to map hypoxic tumor regions (69). Over the years, PET imaging has been developed to assess specific tumor characteristic such as glycolysis (2-deoxy-2-[18F]fluoro-D-glucose [18F-FDG]), hypoxia ([18F]fluoromisonidazole [FMISO], CA9, copper-complexed dithiosemicarbazone [64Cu-ATSM]), and proliferation (3′-deoxy-3′-[18F]fluorothymidine [18F-FLT]). 18F-FDG, 64Cu-ATSM, and 18F-FLT have all shown promising results for monitoring treatment responses in numerous human and canine cancer types (96–100).

One canine study demonstrated the feasibility of using multiple PET tracers to simultaneously evaluate glycolysis (18F-FDG), hypoxia (64Cu-ATSM), and proliferation (18F-FLT) in a dog diagnosed with a tibial fibrosarcoma. Serial imaging performed before, during and after 10 fractions of 4.5 Gy demonstrated a heterogeneous spatial distribution of the 3 tracers. 64Cu-ATSM uptake progressively decreased during and after radiotherapy, suggesting either tumor reoxygenation (in areas where 18F-FDG uptake was maintained) or the development of dead tumor tissue (in areas of reduced 18F-FDG uptake). Although 18F-FDG and 18F-FLT uptake significantly decreased following the completion of radiotherapy, fluctuations were seen throughout the treatment course. 18F-FLT fluctuations could be indicative of accelerated tumor cell repopulation, whereas 18F-FDG fluctuations might suggest the presence of inflammation or tissue remodeling. The authors put forward the suggestion that each tracer provided distinct information about the TME, including heterogeneity, phenotype and response to treatment, which could be used to tailor therapies to individual patients (101). Other canine studies have used 64Cu-ATSM and 18F-FDG to identify biological target volumes for dose painting radiotherapy (102), with 18F-FLT and 18F-FDG also having been investigated as a means of monitoring radiotherapy responses and identifying disease progression (103). Pre-treatment 18F-FDG, 18F-FLT, and 61Cu-ATSM scans could also be used to predict the response to radiotherapy (104).

Unfortunately, these advanced imaging techniques are not without limitations; in particular, the resolution (i.e., voxel size; a 3D representation of a pixel as determined by slice thickness and pixel size) offered by these techniques can be greater than the hypoxic tumor areas themselves. This means that small hypoxic “hotspots” may be classified as normoxic if the mean value for the area falls below a specific cut-off point. In clinical terms, PET imaging may not be able to accurately characterize intra-tumoral hypoxic heterogeneity at microregional levels.

Currently, regardless of whether tumor hypoxia, glycolysis, or proliferation are assessed using tissue or blood samples or through advanced imaging, the results only provide a static indication of the TME at the time of analysis. This is a significant limitation of any technique, as the TME is a dynamic landscape with potentially significant spatial and temporal changes occurring throughout the tumor at any given time. Therefore, despite technological advances, clinical techniques that can acquire continuous real-time data in order to generate an accurate 3D map of the TME, including its hypoxic status, within the entire tumor volume are still not available. A potential solution to this unmet clinical need is the use of an implantable sensor designed to continually measure key TME parameters. This technique has the potential to provide information on the spatial and temporal changes that occur within the tumor during a patient's treatment course.



Implantable Technology and Cancer

Developments in the fields of electronics, mechanical engineering, and microfabrication have resulted in increased interest in the clinical applications of implantable medical devices for precision medicine. In line with this, studies have begun investigating whether implantable devices could be used to map the TME for parameters such as O2, deliver local drug treatments, assess treatment responses, and monitor for tumor recurrence and metastasis (Figure 2).
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FIGURE 2. Applications of implantable technologies for precision medicine. GTV, gross tumor volume; CTV, clinical tumor volume; PTV, planning target volume. Figure created with BioRender.com.



Implantable Sensors and Monitoring of Tumor Oxygenation and pH

Due to the limitations associated with current technologies designed for measuring intra-tumoral O2 levels, researchers are investigating novel ways to address this unmet clinical need. Two recent studies have developed implantable sensors that are able to provide O2 and pH measurements within a tumor.

The Implantable Microsystems for Personalized Anti-Cancer Therapy (IMPACT) project is developing both miniaturized Clark-type electrochemical O2 sensors, methylene blue-based electrochemical pH sensors and ISFET pH sensors (105). The purpose of the project is to manufacture implantable wireless sensors for the real-time monitoring of intra-tumoral O2 levels and pH, thus allowing radiotherapy to be delivered at the most effective location and time. In vivo mouse xenograft tumor studies using a human breast cancer cell line were used to evaluate biofouling and the foreign body response that occurred when constituent materials of the IMPACT sensors were implanted into a solid tumor. This study was the first to assess the effects of modern implantable materials within a TME. The authors concluded that none of the evaluated materials had any detrimental effect on tumor growth or body weight of the murine host. Up to 14 days post-implantation, immunohistochemistry (IHC) showed no significant changes in hypoxic cell number, tumor necrosis, apoptosis, proliferation, collagen deposition, or immune cell infiltration. The authors suggested that the absence of biofouling supports the use of these materials in medical devices designed for implantation within solid tumors (106). Functional O2 sensors were subsequently evaluated in a translational large animal lung cancer model (107). Following CT-guided implantation into lung tumors, initial results have demonstrated that these sensors remained functional and were sufficiently sensitive to monitor acute changes in oxygenation within tumor tissue (108).

Other researchers have taken a different approach to monitoring TME parameters. One such study has designed a miniaturized implantable nuclear magnetic resonance (NMR) sensor. This incorporates a responsive NMR contrast agent that can be assessed wirelessly via magnetic coupling to an external reader without the need of an MRI scanner. This study demonstrated the feasibility of the implantable NMR sensor to separately detect pH and O2 using in vitro and in vivo model systems. The in vivo experiments consisted of monitoring intra-tumoral pH in a xenograft mouse model and assessing O2 levels in a rat hind limb constriction model. The authors suggested that this sensor could be implanted at the time of tumor biopsy and could remain within the tumor providing repeat O2 and pH measurements from the same tumor area. They further suggested that the sensor could be used for other NMR applications, such as low-resolution spectroscopy to identify soluble biomarkers (109).

Although further engineering development of both sensor types is required, the results from these exciting pre-clinical studies have shown that intra-tumoral O2 and pH can be monitored in real-time. If they progress toward testing in clinical trials, they could eventually prove to be formidable tools to identify and target treatment-resistant tumor areas.



Implantable Sensors and the Clinical Monitoring of Cancer Progression

The ability to monitor treatment responses and identify early indicators of tumor recurrence may be achieved through the use of implantable medical devices. Sensors that detect cancer-related biomarkers could be implanted either within the tumor at the time of biopsy or within the tumor bed at the time of surgery following tumor excision (110, 111). This application would be highly useful in disease conditions where advanced imaging cannot reliably distinguish between necrosis/fibrosis resulting from previous surgery/chemotherapy/radiotherapy and tumor recurrence (e.g., glioblastomas) (112).

The first in vivo report to support the use of implantable devices for this application was designed to detect the β subunit of human chorionic gonadotrophin (hcG-β) (111), a soluble cancer-related biomarker known to be secreted in high levels in ovarian and testicular cancers. The sensor was designed using nanoparticle magnetic relaxation switches (MRSw) conjugated with hcG-β antibodies and was evaluated using a mouse xenograft model. Sensors were implanted into tissue surrounding hcG-β-producing human choriocarcinoma xenograft tumors (JEG-3). The results demonstrated that MRI was able to identify MRSw aggregation that occurred with hcG-β antibody binding, which provided evidence that the implanted device could successfully detect hcG-β in peri-tumoral tissue. The authors suggested that, as MRSw can be modified to detect various molecules, they might provide a means of detecting and monitoring a variety of cancer-related biomarkers (113).

Another study has investigated the use of implantable devices designed to identify early indicators of metastasis through the evaluation of localized immune responses. This study developed a synthetic microporous polymer scaffold that promotes tissue ingrowth through vascularization, cellular infiltration, and immune cell recruitment. This engineered microenvironment was shown to have characteristics of a metastatic niche that could capture circulating tumor cells. In vivo evaluation of the immune responses that developed within subcutaneously-implanted scaffolds was performed using an orthotopic breast cancer murine xenograft model. Phenotypes and gene expression profiles of immune cells were determined from sequential scaffold biopsies obtained up to 21 days post-primary tumor inoculation. These results suggested that an immunosuppressive microenvironment developed which had characteristics of metastatic diseased lung. Following excision of the orthotopic breast tumor, sequential analysis of immune phenotypes within the scaffold showed an initial response to surgery, which could differentiate mice that suffered a tumor recurrence from those that survived. The authors concluded that the microenvironment that developed within the scaffold reflected the immunosuppressive events that contribute to the development of metastatic disease. Furthermore, monitoring these immune responses identified animals which had disease progression from those that responded to surgery (114). Technologies such as this may provide a means of identifying patients at risk of developing metastatic disease or those who have early metastatic disease that is clinically undetectable by imaging. Patient outcomes have the potential to be improved if the earliest stages of metastatic disease can be identified and treatment intensification initiated.

Implantable devices can not only be designed to monitor specific tumor-related factors but may be utilized to assess the accuracy of delivering a desired radiation dose to a specific tissue/tumor area, an issue which is fundamental to the clinical effectiveness and success of radiotherapy. To address this, implantable dosimeters have been developed to assess what radiation dose has been delivered per treatment fraction to the planned target volume. This dose-verification system has gained FDA approval for use in prostate and breast cancers, and has the potential to allow radiotherapy treatment regimens to become optimized for individual patients (115).



Cancer Treatment and Implantable Technology

Although many cancer types can be treated with a variety of clinically-approved drugs, clinicians are often faced with the difficult decision of which drug would be most effective in individual patients. Sometimes this decision can be made based on published evidence, but occasionally the choice will be empirical and based solely upon the clinician's personal experiences. To overcome this issue, studies have investigated whether multiple drugs can be simultaneously evaluated in the tumor itself to provide information on which is most effective. These types of studies have the ability to account for tumor heterogeneity, as drug effects can be analyzed within spatially distinct TME regions.

One study developed a medical device that was able to deliver 8 drugs concurrently into mapped and defined regions within a tumor. This research initially used lymphoma and NSCLC murine xenograft models for validation of the device. Following intra-tumoral injection, drug distribution was assessed through radiolabelling imaging. Tumors were excised up to 72 h after drug delivery and cytotoxic drug responses were evaluated through IHC. Results demonstrated that not only could local tumor responses predict response to systemically-delivered drugs, but that the most effective compound for a chemoresistant lymphoma xenograft tumor could be identified by screening multiple drugs simultaneously. This work was followed by a small clinical study designed to assess patient satisfaction and procedural complications. Using the device, combined with ultrasound guidance, human and canine lymphoma patients received microinjections of vincristine into enlarged lymph nodes. Results suggested that localized tumor responses can be tested in a toxicity-sparing manner (116). Employing a similar approach, a further study developed a short-term implantable device composed of multiple reservoirs. Following intra-tumoral implantation, each reservoir was capable of delivering drugs into spatially distinct TME areas at concentrations equivalent to systemically-achievable doses (117). 24 h after implantation, the device and the immediately adjacent surrounding tumor tissue was removed with IHC performed to assess each drugs' cytotoxic effect (117).

These studies demonstrate that implantable devices can be used to conduct in vivo drug testing through local delivery directly within the TME. The ability to evaluate spatially-defined tumor responses to multiple drugs provides an opportunity to identify a patient's optimal drug treatment before definitive systemic chemotherapy begins.

A further consideration for determining the most appropriate chemotherapy regimen for a patient is the issue of multidrug resistance (MDR). MDR occurs when cancer cells develop cross-resistance to multiple functionally and structurally unrelated chemotherapeutic agents. One of the most common MDR mechanisms seen in various cancer types is related to the expression of phosphoglycoprotein multidrug resistance protein 1 (MRP1), part of the ATP-binding cassette. High MRP1 expression has been correlated with reduced tumor responses to many chemotherapeutic agents, including 5-fluorouracil (5-FU), along with reduced overall survival times. In order to address this issue, a study has developed a bio-responsive hydrogel-nanoprobe comprised of a 5-FU-intercalated DNA hairpin. This nanoprobe was designed to locally detect and bind to a complementary MRP1 target sequence within the TME, resulting in MRP1 silencing and inhibition of protein expression. Binding of the DNA hairpin to the MRP1 sequence also caused a conformational change to the nanoprobe, which resulted in release of 5-FU. A 5-FU resistant breast cancer murine xenograft model was used to evaluate the ability of these nanoprobes to detect and overcome MDR. In vivo imaging was performed for 14 days following the implantation of a hydrogel disc loaded with nanoparticles into a xenografted tumor. Luciferase expression was utilized to assess tumor inhibition, while FITC fluorescence emission could identify nanoprobes before and after hybridization to MRP1 mRNA. Results indicated that, despite 5-FU resistance, more than 90% tumor reduction was achieved following 80% MRP1 silencing. The authors suggested that this approach could not only be used to reverse 5-FU resistance, but that it could also be used to reverse resistance to other chemotherapeutic agents and improve treatment responses (118).

As opposed to targeting specific resistance mechanisms, other studies have investigated ways in which the cytotoxicity of chemotherapeutic agents can be enhanced. A novel solution to this is through the use of implantable O2-generating depots; these are designed to improve DOX cytotoxicity by promoting ROS production through their ability to increase intra-tumoral O2 concentrations, without affecting systemic levels. Calcium peroxide (CaO2) alginate microencapsulated pellets have been developed to react with interstitial fluid, forming calcium hydroxide [Ca(OH)2] and hydrogen peroxide (H2O2); it is this H2O2 which then decomposes to release O2. These pellets have been shown to successfully reduce the hypoxic TME of Hep3B xenograft tumors and increase the chemotherapeutic effect of DOX following their implantation into peri-tumoral tissue. The results from this study demonstrated the feasibility of using this O2-generating system to locally enhance the cytotoxic effects of DOX and overcome hypoxia-induced DOX resistance (53).




Precision Medicine in Veterinary Clinics

Although veterinary precision medicine has yet to be incorporated into routine clinical practices, there are encouraging results from pre-clinical and clinical research studies that provide examples of how it could be used in the treatment of veterinary patients.

The development of the first canine-specific anti-cancer drug, toceranib (Palladia™), is the current closest example of veterinary precision medicine routinely used in the clinics. Toceranib is a novel multi-receptor tyrosine kinase inhibitor (119). Following pre-clinical studies demonstrating its anti-proliferative (in vitro cell line models) and anti-angiogenic activity (in vivo murine xenograft models), phase I trials were undertaken (120). These trials were conducted in dogs diagnosed with various tumor types; all patients had a guarded prognosis as they had either failed standard treatment regimens or there was no available therapeutic alternative. Results from this trial and subsequent studies showed toceranib had the greatest tumor response rates in mast cell tumors (MCT) (121). Toceranib subsequently gained clinical approval for the treatment of grade II and III cutaneous MCT. Although this drug was not developed as part of a precision medicine approach, further investigation of its mode of action demonstrated that MCT with a specific c-KIT mutation had better response rates compared to those that had no mutation (60 vs. 31% response). This c-KIT mutation was identified as an internal tandem duplication that alters KIT expression and causes constitutive receptor phosphorylation. Unlike clinically-approved kinase inhibitors in human medicine, the approval granted for toceranib did not stipulate its use solely for MCT with specific c-KIT mutations largely because some dogs without mutations still responded to treatment. The situation is also complicated by the issue that there is no clinically-approved canine genetic test for c-KIT mutations. Therefore, while toceranib is the closest, evidence-based, precision medicine approach in veterinary medicine, it currently fails to meet important considerations in which human-targeted therapies are based (122).

The use of circulating tumor cells (CTC) and transcriptomics to provide precision veterinary medicine through the identification of prognostic, predictive or treatment response information has also been investigated in multiple studies. CTC from canine mammary tumors have been shown to correlate with metastatic disease development and provide prognostic information that can be used to determine more aggressive treatment regimens for high-risk patients (123). Similar approaches have used transcriptomics to generate prognostic mRNA signatures from canine mammary tumors and lymphomas. These results demonstrated that the transcriptome could indicate malignancy and metastatic potential, which again could be used to identify high-risk patients requiring treatment intensification (124–127). Canine lymphoma mRNA expression signatures have also been associated with grade, immuno-phenotype and therapeutic response. The authors of this study successfully developed a real-time PCR-based test which they suggested could be easily adopted for use in clinical cases (128). A further exciting canine lymphoma study investigated the assessment of minimal residual disease and response to treatment (129). To monitor the response to chemotherapy, this study used a real-time PCR assay to detect immunoglobulin heavy chain gene fragment sequences in the blood of dogs diagnosed with high-grade B-cell lymphoma. Results showed that the assay could predict the 25 week progression-free survival from as early as the 11th week of treatment. Translated into the clinics, these results would enable clinicians to identify non-responding patients early in their treatment; these patients could either be transferred onto a different treatment protocol or, at the very least, be spared the side effects and costs of continuing an ineffective chemotherapy regimen.

Another study has recently reported the use of a cross-species personalized medicine approach to identify new therapies for a dog diagnosed with multiple leiomyosarcomas. This study used tissue obtained from an excisional biopsy from 1 of the tumors to establish patient-derived xenograft (PDX) tumors. Using PDX samples, an in vitro cell line was subsequently established that was used for high-throughput drug screening. This in vitro work identified proteasome inhibitors as a potential therapy, which was then validated using the PDX model. Genomic profiling of mutations in the original tumors, PDX tumors and cell line was also performed. While these investigations were taking place, treatment with toceranib began. After 6 months, disease progression and local recurrence were detected; the dog was then treated with the proteasomal inhibitor bortezomib. Although an initial response was seen, tumor growth began again 6 weeks after the start of treatment and the dog was euthanized. While this study demonstrated that drug screening can be performed on patient-derived samples, the time scale that this occurred over was approximately 1 year, by which time that patient had developed metastatic disease and local recurrence. The major issue with this study is that these metastatic lesions may not have had the same oncogenic drivers as the original tumor, and therefore the use of bortezomib may not have been appropriate. This dog also had 6 original tumors, but cell lines and PDX tumors were only made from 1; tumor heterogeneity between the tumors should also have been evaluated. Although the study demonstrated what can be achieved through using patient derived samples, the technique is impractical in terms of expense and the time required to complete the work. These types of studies can only really be effective if treatment strategies can be individualized for the patient in order to treat the primary disease at the time of diagnosis (130).

In contrast to the traditional forms of cancer therapy such as surgery, radiotherapy and chemotherapy, research has shown the potential benefits of using immunotherapy in a variety of cancer types. Studies have investigated whether personalized immunotherapy can be achieved through the production of autologous therapeutic anti-tumor vaccines using hydroxyapatite (HA). HA is an appealing compound for this application, as it not only attracts antigen-presenting cells, but also presents tumor antigens to immune cells. Studies have shown that cell membrane and heat shock proteins extracted from tumor tissue can be combined with HA to produce a personalized vaccine. Using this approach, a clinical trial demonstrated that 15% of patients gained a partial response, while 25% obtained stable disease following vaccination. The authors suggested that the vaccine stimulated a T-cell response and that personalized vaccines using HA combined with self-antigens were safe to use in patients (131). This approach has subsequently been investigated in dogs diagnosed with diffuse large B-cell lymphomas (DLBCL) (132). Results from this clinical trial demonstrated that dogs which received chemo-immunotherapy had longer progression-free and lymphoma-specific survival times compared with dogs that received only chemotherapy. These results suggested that the personalized vaccine was safe in dogs and could be used to improve treatment outcomes in dogs with DLBCL. The authors proposed that this novel therapeutic strategy should be investigated in human patients diagnosed with DLBCL.

Other studies have shown that immunotherapies using chimeric antigen receptor (CAR) T cells may have value in treating human patients with B cell neoplasia; the FDA approved the use of CD19 CAR T cells for treating refractory/relapsed acute lymphoblastic leukemia and DLBCL (133). In line with these human studies, a recent first-in-species pilot trial investigated the use of CAR T cells in canine DLBCL patients. Using blood samples obtained from dogs diagnosed with DLBCL, CD20 CAR T cells were produced ex vivo using lentivectors, as had been previously done to manufacture human CAR T cells. Results showed that canine CAR T cells could be detected in blood samples post-infusion, and that these cells were antigen-specific, resulting in removal of CD20+ target cells. Survival times also correlated with ex vivo CD20 CAR T cell expansion. Unfortunately, the induction of canine anti-mouse antibodies in the dogs resulted in CAR T cell loss. Furthermore, targeting CD20+ cells eventually resulted in antigen escape and the emergence of CD20− disease. However, the study was able to show the successful lentivector production of functional canine CAR T cells, while also demonstrating that the challenges of effective CAR T cell therapy in animals were comparable to those seen in humans trials (134).

Osteosarcoma is another human and canine tumor type that may benefit from immunotherapies. Results from both canine (135–137) and human (138, 139) studies indicate that osteosarcoma patients which develop a surgical infection following limb sparing surgery have improved survival times. Although the immune mechanisms that lead to higher survival rates after infection are not yet clear these results suggest an immunogenic component to osteosarcoma pathogenesis. Studies using a mouse model of chronic bacterial osteomyelitis suggest that the innate immune system may be involved in the suppression of osteosarcoma growth (140). Immune modulation has produced positive effects on patient outcome in both dogs and humans; further studies are currently underway to ascertain the most effective immunotherapy or combination of immunotherapies that will lead to additional improvements in clinical response. With a better understanding of the methods required to redirect the immune system toward osteosarcoma, there is now ample opportunity to change the therapeutic landscape and improve osteosarcoma treatment in both humans and dogs (141, 142).

Other veterinary research projects have characterized the genotypes of several canine cancers including hemangiosarcoma (143), melanoma (144), and osteosarcoma (145), with the aim of identifying potential “actionable” targets. Although somatic mutations in these cancer types (in genes including TP53, PIK3CA, NRAS, PTEN, and BRAF) have similarities to those oncogenic mutations found in human cancers, veterinary clinical trials still need to be performed to confirm if they respond to targeted inhibition. Clinical trials that merge information gained from sequencing individual canine tumors with survival data after targeted treatment could in the future influence the selection of treatment regimens for canine cancer patients. These types of trials have the potential to provide evidence to clinicians and clients that cancer genome sequencing for their pets could lead to improved outcomes though the adoption of a precision medicine approach.



Current Issues Limiting the Use of Precision Medicine

The translation of precision medicine approaches into accepted healthcare practices and policies has undoubtedly lagged behind the significant discoveries made through pre-clinical research. It is to be expected that, as with all novel innovations, it will take years to achieve this successful translation. Precision medicine is complicated by the fact that it not only represents a significant paradigm shift in how we treat cancer patients, but is also associated with complex legal, financial, social and ethical issues. The National Academy of Medicine outlined multiple challenges faced by the Precision Medicine Initiative, including the development of infrastructures that enable data sharing and easy access to extensive, highly-integrated clinical data sets. They also highlighted the absolute need for evidence that precision medicine can actually improve patient outcomes (146). To date, only a few clinical trials have assessed the adoption of a precision medicine approach for the treatment of cancer patients. The first of such precision medicine clinical trials involved refractory metastatic cancer patients. The results demonstrated that longer progression-free intervals could be achieved in patients that underwent molecular cancer profiling to guide their treatment (147). Unfortunately, other studies have suggested that there is limited evidence to support the use of genomic tests in healthcare practices (148, 149). The economic feasibility of adopting precision medicine policies is another significant challenge, as its successful implementation will ultimately depend on whether patients and healthcare providers are willing to pay for them. Currently, there is limited evidence that precision medicine provides sufficient cost-benefit advantages over standard treatment protocols. Some researchers even suggest that precision medicine could be a distraction from low-cost and effective population-wide interventions and that policies which focus on public health and prevention should be prioritized (150). Finally, precision medicine raises important questions regarding patient trust, including issues related to who actually owns the genetic data and how it can be securely stored.

To address some of these issues, centers such as The Personalized Medicine Coalition in the USA and The Center for Personalized Medicine in the UK have been established (151). Other on-going initiatives include the Clinical Sequencing Evidence-Generating Research center and the Implementing GeNomics In practice (IGNITE) project, which aim to support the integration of genome sequencing into healthcare practices (8). In veterinary medicine, following sequencing of the canine genome, the Canine Comparative Oncology and Genomics Consortium (CCOGC) was formed in 2004. This programme aims to generate an extensive archive (from 3,000 dogs) of clinical samples (neoplastic and non-neoplastic tissue, whole blood, plasma, serum and urine) from lymphoma, osteosarcoma, hemangiosarcoma, mast cell tumor, pulmonary, melanoma and soft tissue sarcomas. In 2013, the CCOGC biorepository was opened to the research community with the aim of improving the molecular characterization of canine cancers in order to help provide precision veterinary healthcare (152).

The challenges that limit the successful integration of precision medicine in human healthcare practices are equally applicable to veterinary medicine. As public awareness of the potential human benefits of precision medicine increases, veterinary clients will start to ask whether similar, precision-guided approaches can benefit their pets. This will become even more evident if pet owners themselves have received treatment as part of a precision medicine approach. In the future, the veterinary profession will need to adapt to the changes that are associated with precision medicine. Significant investment will be required to encourage openness for sharing research results and clinical data. Clinicians will also need to be trained in the use of molecular-based diagnostic assays and in performing high quality clinical trials using appropriately identified targeted treatments. Underpinning these ideas will ultimately require training and educational programmes for veterinary clinicians and veterinary healthcare professionals in subject areas such as tumor heterogeneity, genomic medicine, bioinformatics and targeted therapeutics, all of which are key components within human precision medicine.




CONCLUSION

Precision medicine has the potential to transform the way in which we treat human and veterinary cancer patients. Ongoing basic and clinical research is continuing to improve our understanding of tumor heterogeneity and is providing new information on how it influences disease prognosis and treatment responses. The challenge lies in the successful translation of these exciting results into novel diagnostic and therapeutic strategies for clinical use. Multidisciplinary projects that take on a one-health view to precision medicine, involving human and veterinary clinicians, engineers and chemists, are likely to become more important in the future if we are to ultimately advance the field of precision medicine to a stage where it can be fully integrated into clinical practices. Our review has highlighted this with studies investigating the TME and with research using novel implantable medical devices. Although precision medicine is still largely focused on human healthcare, we have shown that there have been exciting clinical research studies in the field of veterinary precision medicine, with promising results. These types of studies are likely to increase as more researchers realize that many of the cancers seen in veterinary patients share significant similarities with human equivalent cancers, including the molecular mechanisms of disease pathogenesis and the TME. It is these types of similarities that may prove to be clinically relevant and therapeutically actionable for both human and veterinary patients. Adopting a one-health approach, in which researchers and clinicians from both human and veterinary fields collaborate, will ultimately aid translational studies and improve the integration of precision medicine initiatives into healthcare practices for both human and veterinary cancer patients.
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Canine and human bladder cancer present similar anatomical, morphological, and molecular characteristics, and dogs can be considered a model for human bladder cancer. However, the veterinary literature lacks information regarding cross-validation analysis between human and canine large-scale data. Therefore, this research aimed to perform a meta-analysis of the canine literature on bladder cancer, identifying genes and proteins previously evaluated in these studies. In addition, we also performed a cross-validation of the canine transcriptome data and the human data from The Cancer Genome Atlas (TCGA) to identify potential markers for both species. The meta-analysis was performed using the following indexing terms: “bladder” AND “carcinoma” AND “dog” in different international databases, and 385 manuscripts were identified in our initial search. Then, several inclusion criteria were applied, and only 25 studies met these criteria. Among these studies, five presented transcriptome data, and 20 evaluated only isolated genes or proteins. Regarding the studies involving isolated protein analysis, the HER-2 protein was the most studied (3/20), followed by TAG-72 (2/20), COX-2 (2/20), survivin (2/20), and CK7 (2/20), and the remaining nine studies evaluated one isolated protein each. Regarding the cross-validation analysis of human and canine transcriptome data, we identified 35 dysregulated genes, including ERBB2, TP53, EGFR, and E2F2. Our results demonstrate that the canine literature on bladder cancer previously focused on the evaluation of isolated markers with no association with patient survival. This limitation may be related to the lack of a homogenous protocol for treating patients and the lack of follow-up during treatment. In addition, the lack of information regarding tumor muscle invasion can be considered an important limitation when comparing human and canine bladder tumors. Our in silico analysis involving canine and human transcriptome data provided several genes with the potential to be markers for both human and canine bladder tumors, and these genes should be considered for future studies on canine bladder cancer.

Keywords: transitional cell carcinoma, tyrosine kinase, gene ontology, dog, comparative oncology


INTRODUCTION

Transitional cell carcinoma (TCC), also called urothelial carcinoma, is the most common bladder cancer in both humans and dogs, which share clinical, pathological, and molecular alterations (1–3). In the United States, 81,400 new cases and 17,980 bladder cancer-related deaths are expected in 2020 (4). The last global cancer statistics (GLOBOCAN) estimated 549,393 new cases and 199,922 bladder cancer-related deaths in 2018 (5). In dogs, urothelial carcinoma is the most common malignant tumor in the canine bladder, representing 1% of all neoplasms that affect dogs (6). In humans, TCC is a tumor associated with several factors, such as cigarette smoking, occupational exposure (7), arsenic, cyclophosphamide, arylamines, and polycyclic aromatic hydrocarbons (8). In pet dogs, a case–control study was previously performed to correlate cigarette smoke, obesity, and use of topical insecticides and chemicals used at home with canine bladder cancer development (9). The authors found a high risk of bladder cancer development in obese dogs and dogs that used topical insecticides (9). Since dogs and humans share the same environment, dogs can be considered a model system for humans (10).

Canine and human TCCs are usually locally infiltrative cancers that can extend throughout the entire bladder, including the submucosa and muscular layers (11). Usually, human bladder carcinomas are superficial tumors (70% of cases) and are classified as non-muscle-invasive bladder carcinomas (NMIBCs) (11). Though NMIBC presents a good prognosis, muscle-invasive bladder carcinoma is considered a therapeutic challenge (11, 12). Thus, in the human literature, muscle-invasive bladder carcinoma has been the focus of recent studies. In dogs, determining the degree of infiltration is not standardized, since in several cases, tissue samples come from cystoscopy (1, 13). Since during cystoscopy a superficial small piece of tissue is collected from different areas, it is not usually possible to have tumor specimens containing deep layers, such as the muscular layers. In addition, human and canine bladder carcinoma can invade adjacent tissues and organs such as the ureter, prostatic urethra, and prostate gland (12).

The molecular phenotype of human bladder cancer is widely studied, and some genomic subtyping was previously proposed (14, 15). The Cancer Genome Atlas (TCGA) database revealed 64 significantly mutated genes in human TCCs responsible for different cellular processes, such as evasion of DNA repair and apoptosis and cell proliferation. In addition, there are subtypes of human muscle-invasive bladder cancer: luminal-papillary, luminal-infiltrated, luminal, basal-squamous, and neuronal subtypes (16). However, few papers perform molecular characterization of canine bladder cancer, though it is considered a promising area, and the molecular characterization of canine bladder carcinoma can provide valuable information regarding the biological behavior of this tumor (17).

In dogs, some recent studies performing transcriptome analysis revealed several important molecular findings, such as different differentiation degrees of canine bladder cancer in molecular subtypes categorized according to the BRAFV595E somatic mutation (BRAFV600E in humans) (18, 19), the identification of therapeutic targets (PTGER2, ERBB2, CCND1, VEGF, and EGFR), and categories based on basal and luminal subtypes, as for human bladder cancers, enabling the comparison of muscular invasion potential between dogs and humans (1). Therefore, studies performing molecular comparisons between human and canine bladder carcinomas can provide a unique opportunity to study this cancer subtype in both species. In this regard, this manuscript aimed to perform a literature meta-analysis and extract all information regarding gene and protein expression in canine bladder cancer and perform an in silico analysis to identify common gene alterations among dogs and humans to select candidates for future studies regarding prognosis or treatment.



MATERIALS AND METHODS


Study Design

The study design is summarized in Supplementary Figure 1. We divided the study methods in three steps: (1) meta-analysis of the previous literature aiming to identify dysregulated genes and proteins in canine bladder cancer; (2) in silico analysis of dysregulated genes and proteins to identify their potential as prognostic and predictive markers in canine bladder cancer; and (3) selection of five previous studies with transcriptome data, extraction of common gene information from these studies and validation with The Cancer Genome Atlas (TCGA) data.



Meta-Analysis

To identify previously published papers to include in our meta-analysis, we performed a literature search in PubMed, MEDLINE, and Scielo databases using the indexing terms “bladder” AND “carcinoma” AND “dog” with no restriction regarding the year of publication. Then, we reviewed the reference section of the selected manuscripts and performed a manual search in the most relevant journals with oncology backgrounds to ensure that we included the highest number of available manuscripts.

Next, we selected manuscripts by title and abstract, including scientific articles that evaluated genes or proteins in canine bladder carcinomas. In this step, we excluded review manuscripts, case reports, and retrospective studies including only survival analysis. Then, we analyzed each included manuscript and selected scientific papers that evaluated genes or proteins in canine bladder samples and compared them with their counterparts in normal bladder tissues. In this step, we excluded manuscripts using only cell lines, manuscripts that compared bladder carcinomas with cystitis as a control (with no normal sample comparison), and manuscripts evaluating only bladder carcinomas with no comparison to normal bladder tissue. Our first search was performed on December 12, 2019, and it was last updated on April 2, 2020.

From the selected manuscripts, we retrieved information regarding each dysregulated gene or protein, the “p-value” for each gene or protein (comparison between bladder cancer and normal bladder tissues), and survival data.



In silico Analysis

The in silico analysis of each evaluated gene and protein was performed using free online tools. In the first step, we selected only the dysregulated or mutated genes and evaluated them with STRING (https://string-db.org/) to determine the proteins related to each gene of interest, using Canis lupus familiaris as a reference for comparisons. Then, we used only proteins for the subsequent analysis. We opted to evaluate only proteins in our in silico study due to the utility of proteins as prognostic and predictive markers.

The dysregulated proteins were together (upregulated and downregulated) and independently (upregulated or downregulated) using the online Search Tool for the Retrieval of Interacting Genes (STRING; https://string-db.org/) to generate protein–protein interaction (PPI) networks. We considered only STRING interactions of high confidence (0.700), and we hid the disconnected nodes for better visualization. The interactions considered to generate the PPI networks were coexpression, co-occurrence, database, and neighborhood interactions.



Gene Ontology

Gene ontology (GO) analysis was performed to understand the biological role of proteins of interest among different species. The selected proteins were analyzed using Enrichr (https://amp.pharm.mssm.edu/Enrichr/). The analyzed information was retrieved from Enrichr and submitted to REVIGO (http://revigo.irb.hr/) to organize and visualize the enriched GO terms. We considered the three GO categories (biological process, cellular component, and molecular function) independently. However, since the biological process and molecular function terms have a higher chance of providing prognostic and predictive information, we focused on these two categories, and the enrichment analyses were performed using the same group of GO terms. For this analysis, we included only curated human annotations.



Transcriptome Data Retrieved From the Previous Literature

We selected three previous studies that evaluated the transcriptome (RNA-seq) of canine bladder carcinoma, with the datasets available online via the NCBI short-read archive (SRA) under BioProject ID PRJNA559406 (18), GEO database (ref: GSE24152) (1), and DDBJ Sequenced Read Archive repository (http://trace.ddbj.nig.ac.jp/dra/index_e.html) with accession number DRA005844. In addition, we also included one manuscript evaluating the transcriptome of canine bladder cancer using microarray data (13) and one manuscript that performed both mRNA-seq and exome-seq (3). For both studies (3, 13), mRNA data were obtained from the Supplementary Materials.

The genes differentially expressed between TCC and normal bladder were selected with the following criteria: p < 0.05 and a fold change of 2.5 or higher in either direction. A Venn diagram was generated using an online tool (http://www.interactivenn.net/) (37). Furthermore, the common differentially expressed genes among the five studies were validated using 344 bladder carcinoma samples from the TCGA database.



The Cancer Genome Atlas (TCGA) and The Cancer Proteome Atlas (TCPA) Cross-Validation

Due to the lack of a veterinary database with deposited information regarding the survival of canine patients with bladder carcinoma, we selected the most relevant proteins and validated them using 344 human samples from patients with muscle-invasive bladder carcinoma from TCGA (https://www.cancer.gov/tcga). The selected proteins were chosen based on the respective p-value and the biological function of the protein as previously described for other tumor subtypes. Then, the cross-validated proteins were evaluated via TCPA (https://tcpaportal.org/tcpa/index.html) (38). We considered proteins with a 5% interval of confidence or a p-value lower than 0.05.

In addition, we performed two different analyses using TCPA. First, we used the “visualization” tool to perform a global analysis to evaluate interactions among genes, including negative and positive interactions. In this way, we selected genes and pathways of human bladder cancer differentially implicated as possible markers to be used in canine bladder cancer. In the second analysis, we evaluated the overall survival of 344 human bladder cancer patients according to protein expression levels (high vs. low). In this analysis, we selected all genes in human bladder cancer with prognostic value. The Kaplan–Meier curves were generated using the TCPA online tool “individual cancer analysis” (https://tcpaportal.org/tcpa/analysis.html) (38, 39).




RESULTS


Meta-Analysis

A total of 385 manuscripts were identified in the initial search. Then, according to the inclusion criteria, after reading the title and abstract, we excluded 329 manuscripts, and after reading the full manuscript, 25 of them met our inclusion criteria (Supplementary Figure 2). Next, we divided the selected manuscripts into two categories: manuscripts with global transcriptome analysis (N = 5) and manuscripts with reported isolated genes or proteins (N = 20). A complete list of the selected manuscripts can be found in Table 1.


Table 1. Manuscripts (N = 25) meeting the inclusion criteria and from published studies of canine bladder carcinoma.
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In the studies involving isolated protein analysis, HER-2 was the most studied protein (3/20), followed by TAG-72 (2/20), COX-2 (2/20), survivin (2/20), and CK7 (2/20). The remaining proteins were evaluated in only one previous study each (Table 1). In the protein–protein interaction analysis, we identified one interaction network with most interactions involving P53. After enrichment analysis using Enrichr, we evaluated the most common ontological processes associated with each previously published protein, and we identified several processes related to tyrosine kinase regulation, cell communication and signaling, and the MAPK pathway (Supplementary Figure 3 and Supplementary Table 1).



In silico Analysis of Canine Transcriptome Data

In our meta-analysis, we identified five previous studies containing transcriptome data, and in the most recent study (18), the authors cross-validated their findings with three other published manuscripts (1, 2, 13). Thus, we opted to analyze the transcriptome data from these five previous studies and cross-validate them with TCGA data. In our cross-validation analysis using the five previous veterinary studies, we identified 61 dysregulated genes (Figure 1), including CD55, IL17B, EGFR, CDH17, and CDH26. Moreover, we performed a PPI analysis among these genes and demonstrated a high interaction among them, with VEGFA, EGFR, TNF, and CCND1 being central genes in the interaction network (Figure 1).
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FIGURE 1. Analysis of transcriptome data from the five previously published studies in canine bladder transitional cell carcinoma. (A) Venn diagram demonstrating the number of commonly dysregulated genes (61) among the five studies. (B) Protein–protein interaction (PPI) network of the 61 dysregulated genes. Several interactions were seen among genes, including EGFR and VEGFA, with high degrees of interaction. The Venn diagram was generated online (http://www.interactivenn.net/) using the five available manuscripts with transcriptome data, and the PPI was generated with the 61 genes commonly dysregulated among the five studies using STRING (https://string-db.org/).


We identified 35 dysregulated genes in the cross-validation analysis of the five veterinary studies and the TCGA data (Table 2).


Table 2. Dysregulated genes identified via cross-validation of data from the five veterinary studies with transcriptome data and data from 344 human samples from The Cancer Genome Atlas (TCGA).
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Cross-Validation With Human Bladder Cancer

In the analysis of the human bladder cancer samples, we identified several positive and negative protein correlations. In the PPI, many proteins from the serine/threonine and tyrosine kinase family, such as EGFR, ERK2, ERBB2, and BRAF, were observed. In addition, we identified 28 proteins with prognostic value in human bladder cancer (Table 3). Among these proteins, only two (EGFR and BRAF) were previously studied in canine bladder cancer (2/28). The top six proteins with prognostic value were Annexin 1, TAZ, SF2, SRC, ARID1A, and GATA3 (Figure 2).


Table 3. Proteins in human bladder cancer associated with overall survival in the cohort of 344 patients.
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FIGURE 2. Survival analysis of human patients with bladder cancer. (A) Survival of patients according to Annexin 1 expression. Patients presenting high Annexin 1 expression experienced a shorter survival time than patients with low Annexin 1 expression. (B) Overall survival of patients according to TAZ expression. Patients with high TAZ expression experienced a shorter survival time than patients with low TAZ expression. (C) Overall survival according to SRC expression. Patients with lower SRC expression experienced a shorter survival time than patients with low SRC expression. (D–F) Overall survival according to SF2, ARID1A, and GATA3 expression, respectively. For these three proteins, patients with lower expression experienced a shorter survival time than those with higher expression. The survival analysis was performed using the TCPA online tool (https://tcpaportal.org/tcpa/survival_analysis.html).





DISCUSSION

Human bladder cancer molecular findings are widely described in the literature, making it possible to reanalyze these data to provide new insights for comparative oncology. Although dogs can be considered models of human bladder cancer, few studies have provided a full description of canine bladder cancer molecular data. Since most canine bladder cancer studies have published isolated assessments of different proteins, the present study extracted these data and evaluated them together to understand how these proteins interact with each other. However, it is important to consider the limitations of each study, including differences in terms of tumor stage and therapeutic protocols used in each publication. One limitation of our study is the use of online tools such as Enrichr that use Fisher's exact test, which is statistically more likely to identify larger pathways than smaller pathways as significant. Thus, we selected the upper size limit for the size of gene sets to avoid misinterpretation.

In our meta-analysis, after the first search, several studies were excluded because they had no matched normal tissue analysis (N = 31/56). The inclusion of normal tissue is important to establish a pattern of expression between normal and cancer tissue. During the carcinogenic process, cancer cells can change their expression profile with gains or losses of expression of several genes, and it is important to include normal samples to avoid bias (40). In addition, for some in silico analyses, it is necessary to have a p-value related to the protein expression in tumor compared to normal tissues.

The meta-analysis demonstrated that most of the veterinary studies did not evaluate muscle invasion (23/25) by the tumor or did not provide clear information regarding this topic. Thus, as a future direction for canine studies evaluating transitional cell carcinoma from the bladder, we strongly suggest that the authors evaluate muscle invasion to provide stronger evidence regarding dogs being models of human bladder cancer. In addition, this lack of information about muscle invasiveness may have introduced some confounding factors that influenced the results. Additionally, it is difficult to make cross-species validations and assumptions given the lack of information in veterinary studies.

Most of the published manuscripts that met the inclusion criteria evaluated one to three proteins or genes, and only five previous manuscripts performed large-scale analyses on canine bladder carcinomas. These large-scale transcriptome studies used RNA-seq technology of the tumor samples. On the other hand, new single-cell sequencing technologies have been used in recent years to provide more specific information regarding the transcriptome of human cancers (41). However, to the best of our knowledge, there is no information regarding single-cell sequencing in canine bladder cancer. The single-cell technology allows the evaluation of tumor transcriptome excluding other cell-type, such as stromal, endothelial, and inflammatory cells.

From the selected studies, we extracted protein or gene information from the manuscripts studying isolated proteins and evaluated these proteins together. All studies that reported isolated proteins were focused on the evaluation of oncogenes. Interestingly, most of them evaluated tyrosine kinase receptors, such as ERBB2, EGFR, VEGFR, and PDGFR (20, 23, 42). Our PPI analysis revealed a high number of interactions among these proteins, even though they were evaluated separately in each study. As such, future studies may benefit from our PPI analysis to evaluate the prognostic or predictive value of the identified proteins in canine bladder cancer. Interestingly, the ontology analysis of the studies with isolated proteins revealed several terms related to tyrosine kinase activity, phosphorylation, and alteration of the ERK1 and ERK2 cascade. Thus, previous studies have focused on the search for small-molecule inhibitor targets. However, no small-molecule inhibitors have yet been successfully proposed in the treatment of canine bladder cancer. Thus, tyrosine kinase receptors could be overrepresented in our analysis, and this result should be interpreted with caution.

The cross-validation of canine transcriptome data with TCGA data revealed 35 genes with a high probability of presenting dysregulation in both human and canine bladder cancer. Since these data were obtained from five different canine studies and 344 human samples from TCGA, they are promising and could be used for further investigation. Though it has been difficult to identify potential markers to be tested in future studies, our list provides markers with strong potential that are upregulated or downregulated in both human and canine bladder cancer. One important limitation of our analysis was the absence of muscle invasion information/standardization in canine samples. Thus, we can lack data regarding important genes related to muscle invasiveness, which is known as a poor prognostic finding. Nevertheless, choosing a gene from our list for future studies could be more promising than a random search. In addition, we analyzed the data from 344 human bladder cancer patients with muscle-invasive patterns to identify genes related to overall survival. Since survival data are usually absent in published studies in veterinary medicine, human survival data represents a unique opportunity to identify candidates related to prognosis in veterinary oncology.

Among the 28 proteins with prognostic value, we identified Annexin 1, GATA-3, and EGFR. Annexin 1 overexpression was previously associated with tumor progression and was considered an independent marker for metastasis-free survival (43). In addition, Annexin 1 expression was also associated with chemotherapy relapse and resistance in human bladder cancer (44). In the present meta-analysis, studies evaluating Annexin 1 expression in canine bladder tumors were not found. GATA3 is widely used in human medicine as a diagnostic marker (45, 46). Interestingly, in addition to its use as a diagnostic marker, GATA3 has been shown to be an important prognostic marker in human bladder cancer (45). Decreased GATA3 expression is associated with low recurrence-free survival, a high frequency of muscle invasiveness, and a tumor progression. In veterinary medicine, one previous review mentioned GATA3 expression in canine bladder cancer and showed GATA3 expression in a sample of canine bladder carcinoma (10). However, since it was a review, these authors did not evaluate canine bladder carcinoma samples. The corresponding author was contacted and kindly provided information regarding the GATA3 antibody used for the data. Overall GATA3 has the potential to be a prognostic marker for canine bladder cancer.

EGFR is an important marker in human bladder cancer and is associated with overall survival, muscle invasiveness, and tumor recurrence (47). Thus, EGFR overexpression has been studied and is a target for anti-EGFR therapies (48). In dogs, EGFR has previously been evaluated in canine bladder cancer (42). However, the authors evaluated the EGFR gene and protein in samples but provided no association with clinicopathological findings. Regardless, based on meta-analyses and in silico analyses, EGFR shows promising potential in terms of both prognostic and predictive value in canine bladder cancer. (49) evaluated an anti-EGFR monoclonal antibody in canine transitional carcinoma cells from the bladder in vitro and in vivo. The authors' findings suggested that this anti-EGFR monoclonal antibody could be promising for the treatment of dogs with bladder cancer. Thus, both humans and dogs can benefit from clinical trials involving anti-EGFR antibodies in dogs.



CONCLUSION

The canine literature on bladder cancer has been focused on the evaluation of isolated markers with no association with patient survival. In addition, the lack of information regarding tumor muscle invasion can be considered an important limitation when comparing human and canine bladder tumors. Our in silico analysis involving canine and human transcriptome data provided several genes with the potential to be markers for both human and canine bladder tumors, and these genes should be considered for future studies on canine bladder cancer.
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Canine prostate cancer (PC) presents a poor antitumor response, usually late diagnosis and prognosis. Toceranib phosphate (TP) is a nonspecific inhibitor of receptor tyrosine kinases (RTKs), including vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), and c-KIT. This study aimed to evaluate VEGFR2, PDGFR-β, and c-KIT protein expression in two established canine PC cell lines (PC1 and PC2) and the transcriptome profile of the cells after treatment with TP. Immunofluorescence (IF) analysis revealed VEGFR2 and PDGFR-β protein expression and the absence of c-KIT protein expression in both cell lines. After TP treatment, only the viability of PC1 cells decreased in a dose-dependent manner. Transcriptome and enrichment analyses of treated PC1 cells revealed 181 upregulated genes, which were related to decreased angiogenesis and cell proliferation. In addition, we found upregulated PDGFR-A, PDGFR-β, and PDGF-D expression in PC1 cells, and the upregulation of PDGFR-β was also observed in treated PC1 cells by qPCR. PC2 cells had fewer protein-protein interactions (PPIs), with 18 upregulated and 22 downregulated genes; the upregulated genes were involved in the regulation of parallel pathways and mechanisms related to proliferation, which could be associated with the resistance observed after treatment. The canine PC1 cell line but not the PC2 cell line showed decreased viability after treatment with TP, although both cell lines expressed PDGFR and VEGFR receptors. Further studies could explain the mechanism of resistance in PC2 cells and provide a basis for personalized treatment for dogs with PC.

Keywords: dog, prostate, microarray, animal model, antitumor response


INTRODUCTION

Although the prevalence of prostate cancer (PC) in dogs is relatively low, canines are the only domestic species other than humans known to spontaneously develop PC (1, 2). Canine prostate carcinoma is a biologically aggressive neoplasm that exhibits a poor prognosis related to its late diagnosis, high metastatic rate (80% at death), and limited effective treatments (1, 3, 4). Some reported metastatic sites include lung, bone, lymph node, liver, spleen, and colon (4–8).

In contrast to PC in humans, PC in dogs is not androgen dependent, so androgen deprivation therapy is not effective (9). Due to some important differences between PC in men and dogs, many treatment modalities used successfully in human medicine cannot be applied in dogs (9). Therefore, there is a need for new therapies for canine PC, including targeted therapies, which are drugs that target specific proteins in neoplastic cells or tumor-associated antigens and exert less damage to normal cells (10).

Toceranib phosphate (TP), the veterinary counterpart to sunitinib (SU11248), works by preventing receptor tyrosine kinase (RTK) phosphorylation and consequent downstream signaling molecules (11–13). TP is a nonspecific RTK inhibitor with targets including VEGFR (vascular endothelial growth factor receptor), PDGFR (platelet-derived growth factor receptor), and c-KIT; this drug was approved for the treatment of dogs with cutaneous mast cell tumors and was originally developed as an antiangiogenic agent (14–16). Additionally, some phase I clinical trials in dogs suggest that TP treatment exhibits clinical antitumor activity against different cancers, including gastrointestinal stromal tumors, lymphomas, multiple myelomas, metastatic soft tissue sarcomas, and several carcinomas, such as metastatic mammary, head and neck, thyroid, and prostatic carcinomas (11, 17–19).

Although some studies have demonstrated the clinical anticancer effect of TP in dogs, the mechanisms of action have not been elucidated. We used global gene expression analysis in two canine PC cell lines to evaluate the genes involved in the treatment response to TP. To investigate the molecular mechanism underlying TP cytotoxicity in canine PC cell lines, we evaluated cell viability and gene expression alterations in response to TP.



MATERIALS AND METHODS


Ethical Approval

This study was approved by the Ethics Committee on Animal Use (CEUA) of the School of Veterinary Medicine and Animal Science of the São Paulo State University, Botucatu (Protocol: 0004/2017). Written informed consent was obtained from the owners for the participation of their animals in this study.



Canine Primary PC Cell Culture

Two characterized canine primary prostate cancer cell cultures (PC1 and PC2) from two different canine PCs collected during necropsy, were cultured as previously described (20). PC1 cell was stablished from prostate carcinoma of a 10-year- old, intact, mixed breed dog and PC2 from an 11-year-old, intact poodle dog. PC1 and PC2 cells were cultured at 37°C in 5% CO2 in complete medium comprising DMEM/F12 (Lonza Inc., Allendale, NJ, USA), 10% inactivated fetal bovine serum (FBS, HYCLONE, Waltham, MA, USA), 100 U/mL penicillin G and 100 mg/mL streptomycin (Sigma, Portland, OR, USA).



Assessment of Protein Expression by Immunofluorescence (IF)

To evaluate the effects of TK receptors in these cell lines, we performed IF for VEGFR2, PDGFR-β, and c-KIT. PC1 and PC2 cells were seeded at 5 × 104 cells/well into 12-well chamber slides (SPL Life Sciences) and allowed to grow on coverslips at 37°C and 5% CO2 until they reached ~70% confluence. Cells were then washed using Dulbecco's phosphate-buffered saline (DPBS) at 4°C and fixed in methanol for 30 min at 27°C. Samples were permeabilized with 0.1% Triton X-100 in PBS for 10 min at 27°C and incubated with a commercial reagent (Protein Block Serum Free, Dako®) for 30 min to block nonspecific antibody binding. The cells were incubated for 18 h at 4°C in a humidified atmosphere with primary antibodies against VEGFR2 (Clone SC-6251, Santa Cruz Biotechnology), PDGFR-β (Clone 3162, Cell Signaling Technology®), and c-KIT (Clone A4502, Dako®), all of which were diluted 1:100. Next, the cells were incubated with secondary antibodies at 1:10,000 dilutions and conjugated to the following fluorophores: Alexa Fluor 594 (Clone Poly4053, BioLegend) for VEGFR and Alexa Fluor® 488 (Clone A11034, ThermoFisher Scientific) for PDGFR-β and c-KIT (CD117). The samples were then labeled with DAPI (4,6-diamidino-2-phenylindole dihydrochloride) (D9542, Dako®) at a 1:10,000 dilution to stain the nuclei and examined and imaged under a TCS SP5 confocal microscope (Leica Biosystems, Wetzlar, Alemanha).

PC cell lines were considered to have positive or negative expression according to the immunofluorescent results.



MTT Assay and IC50 Detection

PC1 and PC2 cell lines were seeded into 96-well-plates at a concentration of 1 × 104 cells/well in 0.1 mL of complete medium and allowed to grow for 24 h in a 5% CO2 incubator. The medium was removed and replaced with serum-free medium containing different concentrations of TP (Sigma-Aldrich; 3, 6, 9, and 12 μM; 12 wells per concentration) dissolved in dimethyl sulfoxide (DMSO—Hybri-Max™; Sigma). Two control groups—no treatment and 0.4% DMSO (vehicle control), were also established to confirm that the vehicle had no influence on cell viability. The wells were incubated for 24, 48, and 72 h after the addition of the treatments.

An MTT stock solution was prepared with 0.013 g of MTT (Invitrogen™, M6494) dissolved in PBS (2.5 mL); 1 mL of the stock solution was diluted 10-fold in serum-free medium to establish a final concentration of 0.5 mg/mL. After the addition of MTT, the plates were incubated at 37°C for 4 h. Next, the medium was removed from all the plates, and the precipitated MTT salts were dissolved with 200 μL of DMSO per well for 15 min. Absorbance values at 595 nm were recorded with a multiwell plate reader.

Cell viability was calculated as a percentage using the following formula: (Atreatment – Ablank)/(ADMSO – Ablank) × 100% (21), with A = absorbance, DMSO = vehicle control, and blank = no cells. The IC50 values were calculated using Graph Pad Prism 8.0 from a log ([drug]) vs. normalized response curve fit.



Quantitative PCR

After establishing the IC50 value of TP for each cell line, we treated PC1 and PC2 cells with the IC50 (treated cells) for 24 h and extracted RNA for RT-qPCR and transcriptome analysis.

This assay was performed in duplicate, and, as a control, an equivalent volume of DMSO alone was added to cells (nontreated cells). Isolation and purification of total RNA were performed with a commercial kit according to the manufacturer's instructions (RNeasy mini kit, Qiagen, Hilden, Germany). The RNA concentration and purity were evaluated by spectrophotometry (NanoDrop™, ND-8000, Thermo Scientific, Waltham, MA, USA) whereas the RNA integrity was assessed by the Bioanalyzer 2100 and the Agilent RNA 6000 Nano Series kit according to the manufacturer's instructions (Agilent Technologies, Santa Clara, CA, USA).

cDNA synthesis was carried out using 1 μg of total RNA treated with DNAse I (Life Technologies, Rockville, MD, USA), 200 U of SuperScript III Reverse Transcriptase enzyme (Life Technologies), 4 μL of SuperScript First-Strand Buffer 5X, 1 μL each of 10 mM dNTP (Life Technologies), 1 μL of Oligo-(dT)18 (500 ng/μL) (Life Technologies), 1 μL of random hexamers (100 ng/μL) (Life Technologies), and 1 μL of 0.1 M DTT (Life Technologies). Reverse transcription was performed at 50°C for 60 minutes, and the reactions were inactivated at 70°C for 15 min. qPCR amplification for VEGFR2, PDGFR-β, and KIT as well as for reference genes (GAPDH, HPRT, RPS19, RPS5, and RPL8) was performed using QuantStudio 12k Flex Thermal Cycler equipment (Applied Biosystems; Foster City, CA, USA). The reactions were performed in duplicate in 384-well-plates using Power SYBR Green PCR Master Mix (Applied Biosystems; Foster City, CA, USA), 1 μL of cDNA, and 0.3 μM of each primer. Relative gene quantification was calculated by the 2−ΔΔCT method (22).



Microarray

We generated a global gene expression profile (microarray) using GeneChip® Canine Gene 1.0 ST Arrays (Affymetrix, CA, EUA). cDNA labeling, hybridization, and detection were performed according to the manufacturer's instructions. Then, the chips were scanned in a Scanner 3000 7G series (Affymetrix, Santa Clara, CA, EUA). Affymetrix CEL files were downloaded and processed with Applied Biosystem™ Transcriptome Analysis Console (TAC, Affymetrix) software. The criteria for selecting differentially expressed genes (DEGs) were a 2.0-fold change cutoff and a P < 0.05. Hierarchical clustering heatmaps and Venn diagrams were generated using TAC software.



Gene Ontology (GO)

The DEGs between the groups were subjected to a GO enrichment analysis using Enrichr (https://amp.pharm.mssm.edu/Enrichr/). REVIGO (http://revigo.irb.hr/) was used to organize and visualize the enriched GO terms obtained from Enrichr. GO analysis was focused on two major categories: biological process and molecular function.



Protein-Protein Interaction (PPI) Networks

The upregulated and downregulated DEGs were independently submitted to the online Search Tool for the Retrieval of Interacting Genes—STRING (https://string-db.org/) to generate PPI networks. We considered only STRING interactions with high confidence (0.700), and active interactions were defined as databases, coexpression, neighborhood, and cooccurrence. To simplify the network, we hid the disconnected nodes.



Transcriptomic Analysis of Primary Canine Prostate Tumors

To evaluate the expression profile of PC1 and PC2 in primary tumors we downloaded the RNAseq data from GSE122916 study available at GEO (Gene Expression Omnibus) database (23). We then performed differential expression analysis using the NetworkAnalyst 3.0 software (24–26). Nine malignant were compared with nine non-malignant prostate tissues (biopsy) and two malignant were independently compared to five non-malignant prostate tissues (fine-needle-aspiration). Differentially expressed genes of prostate cancer were identified using EdgeR (27). The HTCounts were normalized using a trimmed mean of M-values (TMM). Genes were filtered out when presenting low abundance (less than four counts) and stable expression across conditions. We selected the genes with |logFC| > 1 and adjusted p < 0.05 regulated in the same direction in both biopsy and fine-needle-aspiration tumor samples.

We used the Set Comparison Appyter v0.0.6 online tool (https://appyters.maayanlab.cloud/#/CompareSets) to determine whether the overlaps between PC1/PC2 with primary tumors are significant.



Statistical Analysis

Comparisons among the different doses in the treatment groups were made using the Tukey–Kramer test, and statistical significance was set at p < 0.05. Statistical analysis was performed, and graphs were generated using Graph Pad Prism 8.0 and Microsoft® Excel 2007.




RESULTS


Measurement of Protein Expression by IF

PC1 and PC2 cells showed VEGFR2 and PDGFR-β cytoplasmic expression. However, c-KIT protein was absent in both cell lines (Figure 1).


[image: Figure 1]
FIGURE 1. Detection of VEGFR2, PDGFR-β, and c-KIT protein expression by IF. Cytoplasmic expression of VEGFR2 is indicated by red fluorescence (A,B) and PDGFR-β by green fluorescence (C,D) in PC1 and PC2 cells, respectively. No c-KIT protein expression (E,F) was observed in either cell line. The nuclei were counterstained with DAPI (blue).




MTT Assay and IC50 Detection

TP reduced PC1 cell viability in a dose-dependent manner. After 24 h, 3, 6, 9, and 12 μM TP reduced the viability of PC1 cells to 91, 84, 59, and 0%, respectively; after 48 h, the cell viability was reduced to 93, 80, 50, and 2%; and after 72 h, the cell viability was reduced to 89, 73, 54, and 3% (Figure 2). Following treatment with TP for 24 (Figure 2A), 48 (Figure 2B), and 72 h (Figure 2C), a significant (p < 0.05) decrease in the number of viable cells was observed in PC1 cells compared to that of the control cells (DMSO). The IC50 values of TP in PC1 cells were 9.28, 9.13, and 8.95 μM at 24 (Figure 2D), 48 (Figure 2E), and 72 (Figure 2F) h, respectively.


[image: Figure 2]
FIGURE 2. PC1 and PC2 cells were cultured with various concentrations of TP (3, 6, 9, and 12 μM), and cell viability was assessed using an MTT assay. PC1 cells were treated with TP for (A) 24, (B) 48, and (C) 72 h. The IC50 values of TP after (D) 24, (E) 48, and (F) 72 h of incubation in PC1 cells. PC2 cells were treated with TP for (G) 24, (H) 48, and (I) 72 h. A value of p < 0.05 was considered statistically significant. The symbol * corresponds of p value.


On the other hand, TP did not reduce PC2 cell viability in a dose-dependent manner. After 24 h (Figure 2G), 3, 6, 9, and 12 μM TP reduced the viability of PC2 cells to 82, 90, 84, and 84%, respectively, compared to that of the control cells; after 48 h (Figure 2H), the cell viability was reduced to 70, 85, 72, and 65%; and after 72 h (Figure 2I), the cell viability was reduced to 86, 73, 78, and 74%. Thus, we considered the PC2 cell line to be more resistant to TP than the PC1 cell line. Lower toceranib phosphate doses concentrations (125, 250, 500nM, 1, 1.5 μM were tested in both cells (PC1 and PC2) with no cell viability alterations (data not shown).



qPCR

VEGFR2 transcript levels were statistically lower in treated PC1 cells (mean = 1.017) than in untreated cells (mean = 0.849; p < 0.05; Figure 3A); however, no significant differences were observed in VEGFR2 gene expression between the untreated and treated PC2 cells (Figure 3B). There was a significant upregulation of PDGFR-β expression in treated PC1 cells (mean = 2.056) comparing to untreated PC1 cells (mean = 1.007) (Figure 3C). We observed downregulation of PDGFR-β expression in treated PC2 cells (mean = 0.549) compared with untreated PC2 cells (mean = 1.001; Figure 3D). However, treatment with TP for 24 h did not alter transcript KIT levels between untreated and treated cells for either PC1 or PC2 cells (Figures 3E,F, respectively).


[image: Figure 3]
FIGURE 3. The effect of TP on VEGFR2, PDGFR-β, and KIT transcript levels in PC1 and PC2 cells. Relative quantification levels of VEGFR2 (A,B), PDGFR-β (C,D) and KIT (E,F) were measured by RT-qPCR in PC1 and PC2 cells treated with their respective IC50 value of TP or DMSO. *p < 0.05, **p ≥ 0.05.




Transcriptome Analysis

A total of 390 DEGs (p < 0.05) were observed between untreated and TP-treated PC1 cells (233 upregulated genes and 157 downregulated genes in treated cells). However, 122 DEGs were not annotated with gene names or gene symbols in TAC software, and 5 were microRNAs.

A total of 82 DEGs were observed (p < 0.05) in treated PC2 cells compared to control cells, including 42 upregulated genes and 40 downregulated genes. However, the DEG list showed that out of the 82, 42 genes had neither a gene name nor a symbol, and 1 gene was a microRNA. A heatmap of these DEGs is shown in Figure 4A, and DEGs were clustered, which can differentiate the treated and untreated PC1 and PC2 cells.


[image: Figure 4]
FIGURE 4. DEGs in untreated and TP-treated PC1 and PC2 cells based on microarray analysis. (A) Cluster heatmap: red represents upregulation whereas green indicates downregulation of gene expression relative to that in untreated cells. Each row represents a gene, and each column represents a sample. Each sample was analyzed in duplicate. (B) Venn diagram: overlapping sections show common genes deregulated by TP in PC1 (yellow) and PC2 (blue) cells compared to the respective untreated cells.


A Venn diagram (Figure 4B) was used to compare the DEGs between the PC1 (treated and untreated) and PC2 (treated and untreated) cells. From a total of 525 DEGs, only 17 common DEGs were screened out. Among these genes, PDGFR-A was altered in TP-treated PC1 and PC2 cells, but it was upregulated in PC1 cells and downregulated in PC2 cells. Treated PC1 cells also showed upregulation of PDGFR-β and PDGF-D. There are summarized lists of all the upregulated and downregulated genes in both treated PC1 cells (Supplementary Tables 1, 2, respectively) and treated PC2 cells (Supplementary Tables 3, 4, respectively).



GO Analysis

We analyzed GO data associated with DEGs in untreated and treated PC1 cells, and we observed 181 enriched genes that were significantly upregulated (p < 0.05) and 82 that were significantly downregulated (p < 0.05). Redundant GO terms with no statistically significant differences were removed using REVIGO. The analysis revealed that among the 167 biological processes (Figure 5A) associated with the upregulated genes in the TP-treated cells, regulation of the PDGFR and PDGFR-β signaling pathway, regulation of the endothelial cell apoptotic process, and negative regulation of vasculature development and morphogenesis of the epithelium were included. A total of 117 biological processes (Figure 5C) were associated with the downregulated genes, including regulation of the cell cycle, negative regulation of cell death, sprouting angiogenesis, and DNA synthesis involved in DNA repair. These data suggest an important role for TP in both the PDGF pathway and mechanism related to angiogenesis and cell growth in PC1 cells. Thirty-one molecular functions were associated with upregulated genes (Figure 5B), and 21 were associated with downregulated genes (Figure 5D).


[image: Figure 5]
FIGURE 5. GO processes: common biological processes and molecular functions of both upregulated and downregulated DEGs in treated PC1 cells. (A) Biological processes of upregulated DEGs, (B) molecular functions of upregulated DEGs, (C) biological processes of downregulated DEGs, (D) molecular functions of downregulated DEGs. The scatter plot was produced with REVIGO software.


When comparing untreated and treated PC2 cells, we observed 18 enriched genes upregulated in treated PC2 cells, from which we identified 139 biological processes (Figure 6A) and 19 molecular functions (Figure 6B), including phosphatidylinositol 3-kinase (PI3-K) signaling, protein serine/threonine kinase activity, mitotic cell cycle regulation, and cell migration. Among the downregulated genes, 110 biological processes (Figure 6C) and 19 molecular functions (Figure 6D) were summarized and observed to be related to PDGF/PDGFR binding and signaling and regulation of cell motility and proliferation.


[image: Figure 6]
FIGURE 6. GO processes: common biological processes and molecular functions of both upregulated and downregulated DEGs in treated PC2 cells. (A) Biological processes of upregulated DEGs, (B) molecular functions of upregulated DEGs, (C) biological processes of downregulated DEGs, (D) molecular functions of downregulated DEGs. The scatter plot was produced with REVIGO software.




PPI Network

After removing any disconnected nodes in the network, PPI analysis was constructed using upregulated and downregulated genes for each cell line (PC1 and PC2). The analysis comprises a highly interactive PPI network of 170 nodes and 57 interactions in the upregulated genes in PC1 cells (Figure 7A), 77 nodes and 51 interactions in the downregulated genes in PC1 cells (Figure 7B), 18 nodes and 3 interactions in the upregulated genes in PC2 cells (Figure 7C) and 20 nodes and 1 interaction in the downregulated genes in PC2 cells (Figure 7D).


[image: Figure 7]
FIGURE 7. Gene interaction network of upregulated and downregulated DEGs in TP-treated PC1 (A,B, respectively) and PC2 cells (C,D, respectively) identified by STRING software using a high confidence interaction score (0.700). Circles represent genes, and lines represent protein-protein associations.




Cell Lines Gene Expression Profile Validation in Primary Tumors

We found 1,412 up and 668 downregulated genes shared by the primary tumors from biopsy and needle-aspiration (23). By comparing the gene expression profile of primary tumors with the treated cell lines we observed that PC1 has 59 overlapping genes while PC2 has 11 overlapping genes (Figure 8A). Fisher exact test demonstrated the overlapping of PC1 with the primary tumors the most significant (Figure 8B). Two genes were differentially expressed in all conditions (FABP3 and SERPINB2). Interestingly, 25 of 59 genes in PC1 and 6 of 11 in PC2 showed gene expression in opposite direction to that found in tumor tissues (Supplementary Table 5).


[image: Figure 8]
FIGURE 8. Gene expression profile of PC1 and PC2 compared to canine primary prostate tumors. (A) Upset plot displaying the set intersections of differentially expressed genes in the PC1 and PC2 cell lines compared to Thiemeyer et al. (23) RNA-seq dataset of canine primary prostate tumors (GSE122916). (B) Heatmap of Fisher's Exact test results. The –log(p-values) is shown in the heatmap. Each axis displays which sets are being compared and sets that cannot be compared are given a value of None. Set 1: primary tumors; Set 2: PC1; Set 3: PC2.





DISCUSSION

In the present study, we observed VEGFR2 and PDGFR-β protein expression in two primary canine PC cell lines; these receptors could represent suitable targets for therapy with RTK drugs, including TP. Deregulation of RTKs is frequently associated with different cancers and metastases (28–30). Previously, our research group investigated c-KIT expression in canine PC tissue samples and in PC1 and PC2 cells (31). In that study, we identified heterogeneous c-KIT gene and protein expression among PC tissue samples, and no KIT expression was observed in metastatic samples. In addition, we assessed KIT protein expression by western blot, and we did not find KIT expression in either PC1 or PC2 cells, confirming our IF results.

Regarding PDGFR-β and VEGFR2 expression in canine PC, we previously observed increased VEGFR2 protein expression in formalin-fixed paraffin-embedded canine PCs compared to normal prostate cells, suggesting an interesting target for TP (data not published). In humans, VEGFR2 inhibition is associated with reduced osteolysis and growth of prostate carcinoma bone metastasis (32). To the best of our knowledge, no previous study has investigated PDGFR-β in canine PC.

Although we demonstrated the absence of c-KIT protein expression in both canine PC cell lines (PC1 and PC2), we investigated c-KIT gene expression after TP treatment, and no significant difference was observed between the transcript levels in treated and untreated cells for either cell line. Although c-KIT protein overexpression may be correlated with more aggressive tumors, higher invasion capacity and tumor recurrence, heterogeneity and/or the absence of c-KIT protein expression has been demonstrated in the epithelial cells of human PC (31, 33–35). Moreover, the stromal microenvironment has an important role in PC biology, and increased c-KIT expression in stromal cells may affect PC development (36). In 2D cell culture, we could not verify the role of TP in the stroma; however, a previous study from our group revealed c-KIT-positive stromal cells in formalin-fixed paraffin-embedded canine PC samples (31).

PC1 and PC2 were positive for PDGFR and VEGFR receptors, but the antitumoral effect of TP was different in the cell lines. After treatment with TP, PC1 cell viability was reduced significantly (p < 0.05) in a dose-dependent manner, indicating drug sensitivity. In contrast, the viability of PC2 cells was not significantly altered when subjected to the same TP concentrations. These data reinforce the intertumoral heterogeneity and the importance of PC treatment planning (37). Even at higher TP concentrations (data not shown), the PC2 cell line did not show significant reductions in cell viability. In addition, the use of higher concentrations to elicit an effective response would be beyond the maximum safe dosage for in vivo use (38). Thus, we considered the PC2 cell line resistant to TP treatment. The global gene expression profile identified DEGs that can help to explain the resistance mechanism. We found only 17 genes in common between PC1 and PC2 cells upon comparison of the respective untreated and treated cells, indicating a difference between them after treatment with TP. Considering the differences in global gene analyses between TP-treated and untreated PC1 and PC2 cell lines, we found that PDGF-D, PDGFR-α, and PDGFR-β genes, which are involved in the PDGFR pathway, were upregulated in PC1 cells. We confirmed the upregulated expression of PDGFR-β in PC1 cells after treatment by qPCR. Interestingly, both cell lines presented PDGFR-β deregulation after TP treatment; however, the PC2 cell line showed downregulation of PDGFR-β. The increases in the release of RTK ligands via autocrine tumor cell production and in RTK expression are potential mechanisms of acquired resistance to tyrosine kinase inhibitors (39–41). Thus, the increased PDGFR-β expression in PC1 cells could be a response to the direct inhibition of this receptor as an attempt to activate the PDGFR-β pathway in the presence of an inhibitor (42). In addition, we observed an increase in PDGF-D expression, which seems to activate PDGFR-β without the involvement of its classical ligand, PGDF-B. Additionally, increased transcription of these genes has been related to tumor aggressiveness and epithelial-mesenchymal transition in multiple cancers, including PC (43–45). On the other hand, PC2 cells showed PDGFR-β downregulation, indicating a direct blockage of this pathway. However, associating this molecular feature with the fact that this tumor cell line is resistant to TP, PC2 cells probably did not present PDGFR-β as a driving pathway to tumor proliferation.

PC1 and PC2 cell cultures were previously established and characterized by our research group, and both cells were positive for pan-cytokeratin and prostatic specific antigen (PSA) and negative for androgen receptor (20). However, PC1 cells were derived from a nonmetastatic tumor, whereas PC2 cells were derived from a metastatic tumor (20); this expected elevation in number of gene alterations in this cell could have contributed to its resistance to TP.

In addition, we observed an increase in VEGFR2 expression in TP-treated PC2 cells by qPCR; however, no difference was observed in the microarray analysis. An explanation for that could be the higher sensitivity of qPCR to detect small differences in expression that are undetectable by microarrays due to the flexible number of cycles in qPCR (46).

DEGs involved in the negative regulation of vasculature development and blood vessel endothelial cell proliferation (which are related to a decrease in sprouting angiogenesis) were identified in treated PC1 cells. Moreover, TP significantly affected genes involved in cell growth and activation and DNA repair by different mechanisms, for example, decreases in the mitotic cell cycle and cellular response to DNA damage stimuli. As would be expected of an inhibitor of VEGFR, PDGFR, and c-KIT kinase activity, TP can modify the expression of genes related to antiangiogenic activity and tumor growth inhibition via direct and indirect mechanisms (11, 14).

Another explanation for the resistance of PC2 cells to TP could the upregulation of genes from the PI3K pathway, which positively regulates the mitotic cell cycle, protein serine/threonine kinase activity, and cell migration. Therefore, treated PC2 cells may become resistant by activating parallel signaling pathways and mechanisms.

Dysregulated and/or elevated activation of the PI3K signaling network is one of the most common events in the oncogenesis of different cancers, including PC (47–49). In human PC, inhibition of PI3K signaling has been demonstrated to suppress invasion and induce apoptosis (50). Consistent with the main mechanism of action of TP, our results showed downregulation of genes involved in transmembrane RTK activity and PDGFR binding. The role of negative feedback in growth factor signaling pathways is to generate stability, limiting the duration and extent of signaling and preventing potentially harmful overactivation of signaling (51). However, we observed overexpression of endothelin-1 (ET-1), which can be a compensatory cellular mechanism that acts alone or in cooperation with other tyrosine kinase growth factors, such as PDGFR and VEGFR, to activate RTKs, leading to cell proliferation and angiogenesis (52–55). Signaling pathways require both positive and negative feedback loops to adjust their cellular response; these feedback loops act through different genes, mechanisms, and stimuli (56). Therefore, loss of homeostasis of this negative feedback can lead to oncogene activation and uncontrolled growth that can lead to cancer (57).

Migration and invasion are fundamental characteristics of cancer progression and metastasis that consequently reduce both the efficacy of therapeutics and prognosis. This study identified the overexpression of genes involved in these mechanisms, such as Rho family GTPase 1 (RND1) and Semaphorin 3D (SEMA3D). RND1 protein is concentrated at adherens junctions in both confluent fibroblasts and epithelial cells, and overexpression causes loss of cell-matrix adhesion, leading to cell rounding, which facilitates invasion (58). SEMA3D, a membrane-bound protein, is involved in cell-cell communication and plays an important role in many pathophysiological processes, such as cancer development, and its overexpression has been related to increased cell invasiveness (59, 60).

On the other hand, the expression of other genes involved in metastatic processes, such as matrix metalloproteinase 1 (MMP1) and 3 (MMP3), was downregulated. MMPs are capable of cleaving extracellular matrix protein substrates and have been identified as key factors involved in carcinogenesis and metastasis (61, 62). Among the members of the MMP family, MMP1 degrades fibrillary collagen and has been associated with invasion and poor prognosis (63). The MMP3 gene has also been implicated as a contributor to cancer progression and reported to be responsible for inducing epithelial-mesenchymal transition and increasing cell spreading (64, 65). Our PPI network indicated an interaction between MMP1 and MMP3, which suggests a relationship between these two genes and the importance of their role in canine PC.

Interestingly, we observed downregulation of epidermal growth factor-containing fibulin-like extracellular matrix protein 1 (EFEMP1), which encodes a member of the fibulin family of secreted glycoproteins, and its role in carcinogenesis is controversial due to its suppressive and oncogenic activities (66). In the serum and urine of PC patients, decreased EFEMP1 expression was reported, suggesting that this protein participates in the carcinogenesis of human PC (67).

Besides, we validated our results comparing our DEGs found in treated PC cell lines with gene expression profile of primary tumors (23). Interestingly, we found gene expression in opposite direction to that found in tumor tissues and these could be interesting genes to understand the modulation of toceranib phosphate therapy in these canine prostate carcinomas. Therefore, we found FABP3 and SERPINB2 as common genes in our treated samples and primary prostate tumor in dogs (Supplementary Table 5), with increase of FABP3 in all our comparative samples, but interestingly SERPINB2 was downregulated only in PC2, which was resistant to TP. FABP3 is related to fatty acid transport cell growth and signaling, and gene transcription (68, 69). However, its function in tumor progression still remains controversial and is described as a tumor suppressor gene in breast cancer, and associated with tumor progression in gastric carcinoma and non-small cell lung cancer (69, 70). SERPINB2 was upregulated in treated PC1 cells as in primary canine prostate tumor, but downregulated in treated PC2 cells. SERPINB2 overexpression has been linked with inhibition of invasion and cell migration, and prolonged survival in different cancers (71, 72). The differences between PC1 and PC2 cells can explain the differences in therapy response and SERPINB2 could be studied in the future s as one candidate marker for TP resistance in canine prostate carcinoma.

In summary, we demonstrated that two different primary canine PC cell lines had similar patterns of RTK protein expression but had different responses to TK inhibition upon treatment with TP. Based on a global gene comparative analysis, this study revealed that TP could differentially affect genes involved in the progression of canine PC. These DEGs are important for investigating other mechanisms involved in RTK therapy and are useful targets for treating canine PC. Moreover, DEGs associated with mechanisms of cancer drug resistance were identified, including PI3K pathway, raising concerns about the development of drug resistance. Further functional studies on PI3K pathways should be carried out, that could provide useful information on possible new candidate multidrug resistance genes in canine prostate carcinoma and discovery of new drug resistance targets. The identification of the common differentially expressed genes among prostate tumor and PC1 and PC2 cells can provide further insight into the discovery of new biomarkers and genes related to resistance in canine prostate carcinoma. These findings support the biological response in some cases of canine PC and the need for more personalized cancer treatments.
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Invasive mammary carcinomas with neuroendocrine differentiation are rare in women and were reported only once in female dogs. For the present study, ten cases of solid mammary carcinoma positive for chromogramin A in immunohistochemistry were selected. Histopathological characteristics of these tumors were described and immunohistochemical evaluation was performed with chromogranin A, synaptophysin, CD56, NSE, PGP 9.5, pancitokeratin, Ki67, estrogen receptor (ER), and progesterone receptor (PR). The average animal age was 13.2 years old and the average tumor size was 4.8 cm. In total, 70% of the neoplasms were classified as grade III and 30% as grade II by the Nottingham histological grade system. High mitotic index was observed with a mean of 27.5 mitoses in 10 high magnification fields. Only one case showed typical carcinoid tumor characteristics. In addition, vascular invasion was shown in 3 tumors. All carcinomas were positive for chromogran A, while only two cases were reactive to synaptophysin. For PGP 9.2, NSE and CD56, we observed positivity of 100, 90, and 70%, respectively, in the samples, being that no tumor was positive for all the neuroendocrine markers. All neoplasms showed ER and PR in at least 10% of neoplastic cells, while Ki67 varied from 29 to 95%, with mean mitotic index of 67%. Four of the ten animals died within 1 year of the tumor diagnosis. Neuroendocrine neoplasms occur in the canine mammary gland and are propably underdiagnosed. This is due to their non-specific morphological characteristics and the low use of neuroendocrine immunohistochemistric markers the diagnostic routine. More studies are necessary to determine the prognosis of this new histological type.

Keywords: diagnosis, female dog, histological classification, solid carcinoma, neuroendocrine carcinoma, mammary cancer


INTRODUCTION

Neuroendocrine tumors are a group of biologically and clinically heterogeneous neoplasms that originate most commonly in lungs, gastrointestinal tract and pancreas (1, 2). Although their occurrence is rare, pure neuroendocrine tumors and invasive breast carcinomas with neuroendocrine features have already been reported in women (3–5), while only one case has been reported in a female dog (6).

These tumors were first recognized in women in 1963 by Feyrter and Hartmann (7) based on a “carcinoid” growth pattern seen in two cases of invasive breast carcinoma. Later, in 1977, Cubilla and Woodruff (8) described eight cases of breast cancer showing a growth pattern typical of a “carcinoid tumor,” and several recent reviews have since been published (9–12).

Finally, the classification of breast tumors of the World Health Organization (WHO) in 2003 recognized neuroendocrine carcinomas of the breast as a special histological type of invasive carcinoma in which more than 50% of the neoplastic cells express at least one neuroendocrine marker (13). Next, the 2012 classification included a chapter on “Carcinomas with neuroendocrine features,” in which the minimum cut-off of tumor cells with positive labeling for neuroendocrine markers was removed (9, 14).

The most recent WHO classification (2019) (15) categorizes breast cancers with neuroendocrine differentiation in three groups: (1) invasive carcinoma with neuroendocrine differentiation; (2) neuroendocrine tumor (NET); (3) neuroendocrine carcinoma (NEC). However, the neuroendocrine differentiation detected by either histochemical or immunohistochemical analysis may be seen in 10–30% of invasive breast carcinomas of no special type (IBC NST). Additionally, special types of breast cancer may also show expression of neuroendocrine markers, particularly solid papillary carcinomas and mucinous carcinomas, and should not be classified as NETs or NECs. When neuroendocrine morphologic characteristics and neuroendocrine marker expression are focal or are not distinct enough to classify a neoplasm as NET or NEC, an IBC NST with neuroendocrine differentiation must be considered. Notably, most breast cancers with neuroendocrine differentiation belong in the first group, as pure neuroendocrine tumors of the breast are exceptionally rare.

Neuroendocrine tumors of the breast correspond to an invasive neoplasm composed of densely cellular solid nests or trabeculae of cells, usually with a low to intermediate grade morphology, separated by delicate fibrovascular stroma. Papillary, insular and alveolar-like patterns may be seen. On the other hand, neuroendocrine carcinomas are invasive carcinomas characterized by the proliferation of small or large, high-grade neoplastic cells (small cell neuroendocrine carcinoma and large cell neuroendocrine carcinoma, respectively). Both subtypes present neuroendocrine morphological features, cytoplasmic neurosecretory granules and uniform immunohistochemical positivity for neuroendocrine markers (15).

Data on breast cancers with neuroendocrine differentiation are limited. Also, the true incidence of neuroendocrine neoplasms of the breast is difficult to evaluate, because many of the classic histopathological features of neuroendocrine tumors that occur in other organs are not present in their breast counterpart (13, 16). In addition, neuroendocrine markers are not routinely tested in invasive breast carcinomas, since there is no clinical relevance of neuroendocrine differentiation as an individual characteristic (12, 15).

In the female dog, the classification of mammary neoplasms is mainly based on the histopathological pattern and, to a lesser extent, on the histogenetic classification, due to the difficulty in determining the origin of a specific cell type in certain mammary tumors (17). Among the histological types described, the solid carcinoma is a common pattern of canine mammary tumor that presents some variations in cell characteristics, which makes many researchers believe that there may be several origins for these cells (18–20).

In this study, we aimed to investigate the presence of neuroendocrine differentiation in 10 cases of solid mammary carcinoma of female dogs, in order to promote a greater recognition and appropriate classification of this histological type in this species.



MATERIALS AND METHODS


Ethics Statement

The study was approved by the ethics committee on animal use (CEUA/UFMG) under protocol number 11/2017, on June 5th, 2017.



Animals

Ten cases of canine mammary solid carcinoma, positive for chromogramin A in immunohistochemistry, were selected for this study. The samples were from the Laboratory of Comparative Pathology of Minas Gerais Federal University (UFMG).



Histopathology

Representative samples of tumors removed by incisional or excisional biopsy were obtained and included in paraffin blocks. Consecutive histologic sections were prepared and stained by the hematoxylin and eosin routine method. Neoplasm slides were evaluated and diagnoses were defined according to the “Consensus for the diagnosis, prognosis, and treatment of canine mammary tumors-2013” (20). The Nottingham histologic grade system was applied to determine tumor grade (21).



Immunohistochemistry

Sections of 4 μm thickness from primary tumors were prepared and mounted on common slides for IHC analysis. The antigen was immunodetected by the detection system anti-mouse/anti-rabbit (Novolink Polymer Detection System, Leica Biosystems, Newcastle Upon Tyne, United Kingdom) according to the manufacturer's instructions. The endogenous peroxidase activity was blocked with a 10% hydrogen peroxide (H2O2) solution in methyl alcohol. Reagents were manually applied and immunoreactivity was visualized by incubating the slides with diaminobenzidine chromogen (DAB Substrate System, Dako, Carpinteria, CA, USA) for 3 min. Details of the antibodies against Synaptophysin (1, 22, 23), NSE (22, 24), CD56 (24), PGP 9.5 (25, 26), Chromogranin A (25, 27), Estrogen Receptor - RE (28), Progesterone Receptor - PR (29), Pancitokeratin (22) and Ki67 (30), dilutions, antigen retrieval procedures and incubation times used in the immunostaining process are shown in Table 1. Normal canine mammary gland was used as an internal positive control for Estrogen and Progesterone Receptors and Pancitokeratin. For Synaptophysin, NSE, CD56, PGP 9.5 and Chromogranin A, canine adrenal gland was used as positive control. Negative controls were performed using a normal serum (Lab Vision Ultra V Block) in place of the primary antibody.


Table 1. Antibodies, dilutions, incubation time and temperature and methods of antigenic recovery for the immunohistochemical reactions.
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Immunohistochemical Evaluation

The cell proliferation index (Ki67) was calculated by manually counting the number of positive nuclei in a total of 500 neoplastic cells in areas with the highest levels of positivity (hot spot/hot zones) through image J software (National Institute of Health, Bethesda, Maryland, USA). A 20% score was used as cutoff point to classify cases with high or low proliferation index. Positivity for estrogen receptor (ER) and progesterone receptor (PR) was defined as the presence of nuclear expression in >10% of neoplastic cells (3). The Expression of the neuroendocrine markers chromogranin A, synaptophysin, CD56, NSE and PGP 1.9 was assessed. The evaluation pancytokeratin expression (AE1/AE3) was qualitative and classified as positive positive when there was cytoplasmic staining of neoplastic cells.




RESULTS

The mean age of the ten studied animals was 13.2 years old, ranging from 9 to 16 years old. Mean tumor size was 4.8 cm, excluding one case of incisional biopsy for which the actual size of the neoplasm was not informed. The main pathological parameters are detaleid in Table 2.


Table 2. Macroscopic and histopathological characteristics of mammary neoplasms with neuroendocrine differentiation.
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In general, tumors showed a high mitotic count, with a mean number of 27.5 mitoses in 10 high-power fields (40X). Seventy percent (7/10) of the neoplasms were classified as grade III and 30% (3/10) as grade II. Lymph nodes of only 4 cases were referred for analysis, of which one presented metastasis on histopathological examination.

Similar morphological patterns were observed in the histopathological analysis of all cases, with 100% demonstrating a solid cell arrangement (Figure 1A) and at least some proliferation areas in situ. Most tumors exhibited an infiltrative growth pattern with invasion into the dermis and adjacent adipose tissue, although a circumscribed pattern was seen in some cases. Sixty percent of the cases (6/10) exhibited arrangement in small solid nests of cells delimited by delicate fibrovascular stroma (Figure 1B). Neoplastic cells presented a cytoplasm of moderate size, slightly eosnophilic, with varying degrees of fine granulation, or a clear cytoplasm, with vacuolization (Figure 1C). The nuclei were large, round to oval, with varying degrees of atypia. In addition, 60, 30, and 10% of the cases showed marked, moderate and mild anisocariosis, respectively. Nuclear chromatin was slightly dotted and dispersed (salt and pepper aspect) in most cases, and sometimes with fine condensation along the nuclear membrane. The nucleoli were either small and multiple or sometimes single and large (Figure 1D).


[image: Figure 1]
FIGURE 1. Histopathological characteristics of neuroendocrine carcinomas in the female dog. (A) A mammary lump showing a solid arrangement. Hematoxylin and eosin.10x. (B) Solid nests of neoplastic cells separated by a delicate fibrovascular stroma. Hematoxylin and eosin.40x. (C) Cells with a finely granular eosinophilic cytoplasm, sometimes displaying intracytoplasmic vacuoles. Hematoxylin and eosin.40x. (D) Neoplastic cells with round to oval nuclei, finely dotted chromatin, and conspicuous nucleoli. Hematoxylin and eosin.60x. (E) Neoplastic cells disposed in a solid arrangement, occasionally in palisades and forming rosettes. Hematoxylin and eosin.40x. (F) Cells exhibiting a scarce, slightly eosinophilic cytoplasm, with small and hyperchromatic nuclei. Hematoxylin and eosin.40x.


One of the neoplasms (patient 4) showed a distinct, peculiar morphology, with cells arranged in large coalescing solid nests, containing palisade cells, often forming rosettes (Figure 1E). The cytoplasm was scarce, slightly eosinophilic, with oval nuclei, small, hyperchromatic and unique nucleoli or occasionally prominent (Figure 1F). This morphological pattern was compatible with the histologic characteristics of carcinoid tumors.

Lymphovascular invasion was identified in 3 of the 10 cases (30%). Areas of necrosis, mainly at the center of solid nests, were observed in 70% of the neoplasms.

Immunohistochemistry results are shown in Table 3. All cases were positive for chromogranin A (Figure 2A) and the cytoplasmic staining was granular with variable intensity. Only two cases were positive for synaptophysin (Figure 2B). Seven tumors (7/10) were positive for CD56 (Figure 2C), while nine (9/10) were positive for NSE (Figure 2D). All cases were positive for PGP 9.5 (Figure 2E). No case was positive for all neuroendocrines.


Table 3. Expression of chromogranin A, synaptophysin, NSE, CD56, PGP 9.5, Ki67, ER, PR and pancitokeratin in solid mammary carcinomas with neuroendocrine features.
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FIGURE 2. Immunohistochemical staining of canine mammary solid carcinomas. (A) Neoplastic cells showing positive cytoplasmic staining for chromogranin A, with a granular pattern. 40x. (B) Cytoplasmic expression of synaptophysin in more than 50% of neoplastic cells. 40x. (C) Less than 50% of positive neoplastic cells for CD56. 40x. (D) Expression of NSE in more than 50% of neoplastic cells. 40x. (E) Multifocal staining for PGP 9.5 in 10% of neoplastic epithelial cells. (F) Nuclear positivity Ki67 in 95% of neoplastic cells. 10x.


All neoplasms expressed estrogen and progesterone receptors in at least 10% of neoplastic cells and were positive for pancytokeratin (AE1/AE3). Ki67 (Figure 2F) was considered high in most carcinomas, with a mean of 67% of positive cells, ranging from 29 to 95%.

Four of the 10 studied animals (patients 1, 2, 6, and 10) died or were euthanized within 1 year of diagnosis due to the neoplasm development. Two animals (patients 3 and 4) died due to other causes unrelated to the tumor and two patients (8 and 9) are still alive with no sings of recurrence and metastasis after 1 year and 6 months and 3 years and 8 months of diagnosis, respectively. The follow-up of patients 5 and 7 after surgery was not feasible. Only one of the eight patients with follow-up (patient 10) received complementary treatment after surgery.



DISCUSSION

Invasive carcinomas with neuroendocrine differentiation of the human breast are under-recognized in the practical routine and represent 0.5–1% of all breast cancers (11, 12, 15). In veterinary medicine, this histological type is not yet well recognized, with a single prior case report in the literature (6), making ours the first retrospective study on neuroendocrine carcinomas in the female dog.

The histogenesis of neuroendocrine tumors of the breast is debatable mainly due to the difficulty in locating neuroendocrine cells in normal mammary glands (16, 31). Viacava et al. (31) did not find histochemical, immunohistochemical and ultrastructural evidence of neuroendocrine differentiation in normal cells of the fetal and adult mammary glands in their study, indicating that this differentiation may happen in the process of tumor progression.

From a clinical point of view, the importance of neuroendocrine differentiation in invasive breast carcinomas is not well stablished. While some studies have stated that there is no prognostic value, others have shown that it is associated to a better or worse prognosis (14, 16, 32). Sapino et al. (33) concluded that the histological grade greatly influenced the clinical evolution of neuroendocrine carcinomas of the breast. Poorly differentiated, grade III neuroendocrine carcinomas with a high proliferative activity behaved aggressively. On the other hand, patients with well-differentiated, grade I tumors with a low proliferative index remained alive after more than 13 years of follow-up. Therefore, the impact of neuroendocrine differentiation on prognosis remains unclear and may be explained by the heterogeneous nature of tumors that fall into this category, as this group includes special breast cancer types with a low-grade morphology and indolent clinical course, as well as high-grade aggressive carcinomas (32, 34). Of the eight followed-up patients, four died due to the unfavorable neoplasm clinical evolution in <1 year of diagnosis. In this sense, the fact that half of these followed-up patients survived for less than an year after diagnosis may lead to the conclusion that this type of carcinoma presents a guarded to poor prognosis compared to other carcinomas with better prognosis in female dogs, such as carcinoma in mixed tumor, which does not reach the survival median until 2 years of follow-up (35).

The diagnosis of carcinoma with neuroendocrine differentiation based solely on morphologic characterisitics is a challenge and not feasible most of the times, once many of the classic histologic features of neuroendocrine carcinomas that occur in other organs are not present in neuroendocrine carcinomas of the mammary gland (13, 16, 36). Thus, the morphologic features found in this study were similar to those described in other studies that confirmed the presence of neuroendocrine differentiation by immunohistochemistry (11, 14, 32, 37). Only one case exhibited a typical morphology of a carcinoid tumor, with smaller cells, sometimes forming rosettes, hyperchromatic nuclei and scarce cytoplasm, analogous to carcinoid tumors and well-differentiated neuroendocrine carcinomas previously reported in the human breast and other organs (38, 39). According to the WHO classification of breast tumors of 2019, this sole case should be categorized as a neuroendocrine tumor, whereas the other nine tumors should be classified as large cells neuroendocrine carcinomas according to morphologic and immunohistochemical characteristics (15).

Metastases from other neoplasms in women's breast are uncommon and metastases of neuroendocrine carcinoma are even rarer, representing 1–2% of all metastatic tumors of the breast (37). However, the possibility of metastatic neuroendocrine carcinomas should always be excluded with adequate clinical and radiological examinations as well as immunohistochemical studies to attest a breast origin in order to diagnose a primary invasive breast carcinoma with neuroendocrine features (14). The presence of an associated carcinoma in situ and positivity for hormonal receptors may also be useful for the diferential diagnosis (14, 16, 37, 40, 41). The animals studied herein had no history of neoplasms in other locations, but imaging data were not obtained. All tumors were positive for ER and PR, and had proliferation areas in situ, corroborating the hypothesis that these were primary mammary lesions.

Among neuroendocrine differentiation markers, chromogranin A and synaptophysin are the most frequently used (1, 34). In our study, only 2 of 10 cases showed positivity for both markers and similar results have been reported by Wachter et al. (13). Such findings highlight the importance of a panel including at least two markers in cases suspected for neuroendocrine carcinoma, since these tumors will not always be positive for both antibodies.

Our findings show that neuroendocrine carcinomas occur in the canine mammary gland, as well as in the human breast and may be underdiagnosed when they are included in the group of solid carcinomas. However, a definitive diagnosis based on histopathological examination alone is challenging, stressing the need of using specific markers for neuroendocrine differentiation such as chromogranin and synaptophysin for confirmation. Thus, complementary studies with clinical and therapeutic follow-up are essential to define the prognosis of this new histological type, in addition to establishing implications in target therapy responsiveness.
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Castrate resistant prostate cancer in men shares several characteristics with canine prostate cancer (PCa). Due to current insufficient therapies, evaluating novel therapeutic agents for late-stage PCa is of considerable interest for both species. PDA indolylmaleimides showed anticancer effects in several neoplastic cell lines. Herein, a comparative characterization of PDA-66 and PDA-377 mediated effects was performed in human and canine PCa cell lines, which is also the first detailed characterization of these agents on cells derived from solid tumors in general. While PDA-377 showed only weak growth inhibition on human PCa cell lines, PDA-66 inhibited proliferation and induced apoptosis in human and canine cell lines with concentrations in the low micromolar range. Morphological characterization and whole transcriptome sequencing revealed that PDA-66 induces mitotic death through its microtubule-depolymerizing ability. PDA-66 appears to be a worthwhile anti-mitotic agent for further evaluation. The similarities in cellular and molecular response observed in the cell lines of both origins form a solid basis for the use of canine PCa in vivo models to gain valuable interchangeable data to the advantage of both species.

Keywords: mitotic death, mitotic slippage, whole transcriptome sequencing, human, dog, prostate cancer


INTRODUCTION

Prostate cancer (PCa) is the most common malignancy diagnosed among males in almost all western countries (1). PCa emerges in an androgen-dependent or androgen-independent manner with a highly heterogeneous clinical course. Localized PCa has a 5-year survival rate close to 100% due to the availability of a broad range of curative treatment options. However, up to 20% of patients develops incurable and lethal metastatic castrate-resistant PCa within 5 years of follow-up. The development of novel therapeutic options for treating high-risk locally advanced PCa is needed (2–5).

Canine tumors are valuable naturally occurring models helping to reveal mechanisms in cancer development, behavior and treatment (6, 7). Prostatic neoplasia in dogs are reported with a prevalence below 1% (8) and poor prognosis (9–11). However, unlike in men there is no screening for early detection and only late stage cases are diagnosed. Actual numbers are likely to be much higher based on the high frequency of preneoplastic lesions (12). Canine prostate adenocarcinomas share several characteristics with human castrate-resistant PCa, e.g., increased occurrence with age, aggressive tumor progression, similar metastatic spread (lumbar spine and pelvis as well as lymph nodes), and castration-resistance (13, 14). Therefore, identifying and evaluating novel effective agents to treat late-stage, metastatic PCa may be beneficial for both species.

Indolylmaleimides as PDA derivatives PDA-66 and PDA-377 are synthetic molecules characterized by the conjugation of a maleimide compound with a bicyclic indole ring (15, 16). PDA-66 induces mitotic arrest and apoptosis in neuroblastoma, lung cancer, and canine lymphoma cells (15, 17), and has been shown to depolymerize microtubules (15). Known microtubule-destabilizing agents, such as Vinca alkaloids, are used in various cancers (18). These antimitotic drugs lead to failures in spindle formation and chromosome segregation in dividing cells, which activates the spindle assembly checkpoint leading to mitotic arrest. Prolonged mitotic arrest eventually triggers mitotic death (MD), an intrinsic form of regulated cell death (19, 20). MD is considered an onco-suppressive mechanism controlling mitotic failures and therefore prevents aneuploidy. Those failures include extensive DNA damage preventing replication, problems with the mitotic machinery (e.g., equal distribution of chromosomes) or failure of mitotic checkpoints leading to premature progress in the cell cycle (19, 21, 22).

A comprehensive characterization of PDA effects in human and canine PCa cells is missing. Before introducing such novel inhibitors into clinics, conducting an evaluation of these agents in model organisms is a prerequisite. Dogs classify as an extraordinary naturally occurring model for human PCa trials. As therapeutic options for dogs are limited and their metabolism is highly comparable to humans, clinical trials in dogs are considered to be of significant value (23). However, before addressing veterinary patients in trials evaluating novel agents, a detailed characterization of its effects in vitro is necessary.

Therefore, the aim of this study was to comparatively characterize the influence of PDA-66 and PDA-377 on two human prostate carcinoma cell lines, PC-3 and LNCaP, and on the canine cell line CT1258, which is also the first detailed characterization of these agents on cells derived from solid tumors. Besides cellular analysis, whole transcriptome sequencing was performed. Based on these results, canine PCa is evaluated as a model for clinical trials, accelerating the translation into human patients and providing direct benefit to both species.



MATERIALS AND METHODS


Prostate Carcinoma Cell Lines and Cultivation

Two human and one canine prostate carcinoma cell line were used. The human PC-3 cell line (24) (DSMZ Cat# ACC-465, RRID:CVCL_0035) was cultivated in DMEM/Ham's F-12 medium (Biochrom GmbH, Berlin, Germany). The human LNCaP cell line (25) (DSMZ Cat# ACC-256, RRID:CVCL_0395) was grown in RPMI 1640 medium (Biochrom GmbH). The canine cell line TihoDProAdcarc1258 (26) (CT1258, RRID:CVCL_W737) was established by our group and cultivated in medium 199 (Live Technologies GmbH, Darmstadt, Germany). All media were supplemented with 10% heat-inactivated fetal bovine serum (FBS Superior, Biochrom GmbH) and 2% penicillin/streptomycin (Biochrom GmbH). All cells were cultivated at 37°C in a humidified atmosphere of 5% CO2.



Indolylmaleimides PDA-66 and PDA-377

Synthesis and chemical structures of indolylmaleimides were previously described (15, 16, 27, 28). Both PDA derivatives were dissolved in dimethyl sulfoxide (DMSO, AppliChem GmbH, Darmstadt, Germany), and the stock solutions (10 mM) were stored at −20°C. For experimental use, the PDA dilutions were freshly prepared from the stock solution.

Different PDA concentrations and incubation times were used and compared with DMSO-exposed controls, as the PDA agents themselves were dissolved in DMSO. The final DMSO concentrations of the control samples were equivalent to the highest DMSO doses in the PDA-treated samples to ensure that no possible effects of the solvent were measured.



Live Cell Imaging

PC-3, LNCaP and CT1258 cells were seeded in 96-well plates with a cell density of 1 × 104 cells per well and incubated overnight in 150 μl of culture medium. After 24 h different concentrations of the PDA derivatives (0.25–10 μM) were applied (0.1% DMSO as control). The cells were observed for 72 h in 150 μl incubation medium under a live cell imaging microscope (DMI 6000 B, Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) at 37°C with 5% CO2. An image of each well was captured every 15 min during the incubation period and these single images were combined to create time-lapse movies.



Analysis of Morphology

Morphological changes mediated by PDA were analyzed by May-Grünwald-Giemsa staining.

Microscope slides were placed in 60 cm2 cell culture dishes and covered with 10 ml of culture medium. Per dish and per cell line, 1 x 106 cells were seeded. On the following day, the microscope slides were transferred to new dishes with incubation medium or 0.15% DMSO for the control cells. The slides were exposed to the PDA agents in two different settings. For the first setting, the slides were incubated with 15 μM PDA-66 or PDA-377 for 24 h, an application equal to the cells used in the transcriptomic analyses. For the second setting, the slides were incubated with 5 μM PDA-66 or PDA-377 for 72 h, a concentration that showed moderate effects in all cell lines in live cell imaging. Microscope slides were washed with PBS and air dried at room temperature. The slides were stained in May-Grünwald's eosine-methylene blue solution (Merck KGaA, Darmstadt, Germany) (undiluted) for 5 min and rinsed with tap water. Afterwards, they were stained for 15 min in Giemsa's azur eosin methylene blue solution (Merck KGaA) (1:10 dilution) and rinsed thoroughly with tap water again. The slides were left to air dry before analysis.



BrdU Proliferation Assay

Proliferative index of cells in response to PDA-66 and PDA-377 exposure was evaluated using the assay Cell Proliferation ELISA, BrdU (colorimetric) (Roche Diagnostics Deutschland GmbH, Mannheim, Germany). The assay measures the incorporation of the thymidine analog 5-bromo-2-deoxyuridine (BrdU) into newly synthesized DNA of replicating cells using an anti-BrdU monoclonal antibody.

All three cell lines were seeded in 96-well plates with a density of 1 × 104 cells per well and incubated in 150 μl culture medium for 24 h to allow the cells to attach to the surface. Afterwards, the cells were exposed to different concentrations of the PDA derivatives. The human cell lines were treated with 0.25–10 μM of the derivatives and 0.1% (v/v) DMSO as control. CT1258 cells were exposed to 0.25–25 μM of both derivatives (0.25% DMSO as control) as no significant effect was displayed after 24 h with 10 μM PDA-66. The proliferation assay was carried out in accordance with the manufacturer's protocol for adherent cells with the exception that BrdU was added simultaneously with the PDAs. The reaction products were quantified by measuring the absorbance at 370 nm minus the absorbance at 492 nm over a 30 min period using the Multi-Mode Reader Synergy 2 (BioTek Instruments Inc., Winooski, VT, USA). Each single experiment was performed 8-fold.

After this point, no further tests were performed with PDA-377 due to its limited effect on the human cell lines.



Cell Count Analyses

The concentrations used for cell count analysis and apoptosis are based on the 72 h values of the BrdU assay. Concentrations were chosen, that lead to 50% inhibition (2.5 μM PDA-66 in PC-3 and 5 μM PDA-66 in LNCaP). These values were chosen to ensure that there would be some margin in both directions to calculate possible significances, even if the other tests would show higher or lower efficiencies. Based on this criterion, 5 μM PDA-66 should have been used for the CT1258 cell line. However, this concentration showed no effect after 24 h. As it was crucial to be able to detect effects early after exposure for the transcriptomic analysis, 15 μM was used for this cell line, the first concentration to show a significant effect in the BrdU assay after 24 h of exposure.

Cells were seeded in 24-well plates with a cell density of 5 × 104 cells per well in 1 ml culture medium and incubated overnight. Based on the proliferation assay, PC-3 cells were treated with 2.5 μM PDA-66 and 0.025% DMSO, LNCaP with 5 μM PDA-66 (0.05% DMSO), and CT1258 cells with 15 μM PDA-66 (0.15% DMSO). After 24 h, 48 h and 72 h, the cells were detached by TrypLE™ Express (Thermo Fisher Scientific Inc., Waltham, MA, USA) and counted via automatic cell counter (CellometerTM Auto T4, Nexcelom Bioscience LLC, Lawrence, MA, USA). The experiment was carried out in biological replicates three times.



Analyses of Early and Late Stage Apoptosis

Apoptosis rates were determined by staining cells with the fluorescence dyes Annexin V FITC and Propidium Iodide (PI) (Annexin V-FITC Detection Kit, PromoCell GmbH, Heidelberg, Germany) in accordance with the manufacturer's protocol and determined by flow cytometry using a FACSCaliburTM (BD Biosciences GmbH, Heidelberg, Germany). In addition to the cell specific concentrations used in the cell count analysis, two lower concentrations were used to demonstrate that the induction of apoptosis already starts at lower concentrations. The data were evaluated using BD CellQuest software (BD CellQuest Pro, RRID:SCR_014489).

All three cell lines were seeded in 12-well plates with a cell density of 2 × 105 cells per well and incubated in 1.5 ml culture medium overnight and exposed after 24 h to three different PDA-66 concentrations and DMSO based on the BrdU assay and cell count analyses. PC-3 cells were exposed to 0.5, 1.0, and 2.5 μM PDA-66 (0.025% DMSO as reference), LNCaP to 1.0, 2.5, and 5.0 μM PDA-66 (0.05% DMSO), and CT1258 to 7.5, 10 and 15 μM PDA-66 (0.15% DMSO). After the drug exposure period, the medium was saved to collect the non-adherent cell fraction to count all treated cells regardless of their condition. Remaining adherent cells were detached by TrypLE™ Express (Thermo Fisher Scientific Inc, Waltham, MA, USA) and combined with the medium cell fraction. In addition to the double stained samples, for each cell line and each incubation time point, single stained controls were measured. Exposure of the cells to PDA-66 and DMSO as reference was conducted in biological replicates three times.



Transcriptomic Analyses

As PDA-66 is a strong inducer of apoptosis, the transcriptomic analysis was performed on early time points (12 and 24 h). This early time points, before all the apoptosis signaling cascades are fully active and most transcripts would be cell death related, were chosen for the best chance to detect the direct effects of PDA exposure. As 15 μM was the first concentration to show significant effects in CT1258 after 24 h, this concentration was used for all cell lines to keep the transcriptomic data comparable (0.15% DMSO for the control groups). After 12 and 24 h, the cells were harvested and total RNA was extracted using the AllPrep DNA/RNA Mini Kit (Qiagen GmbH, Hilden, Germany) in accordance with the manufacturer's protocol. For each treatment condition (DMSO control and PDA-66 exposed cells), three independent biological replicates were prepared and sequenced.

RNA integrity numbers (RIN) were determined using a Bioanalyzer 2100 (Agilent Technologies Inc., Santa Clara, CA, USA). Sequencing libraries were prepared using 1 μg total RNA with RIN > 7. PolyA RNA was enriched and ligated to sequencing adapters using the NEBNext Ultra RNA preparation kit (New England Biolabs Inc., Ipswich, MA, USA) in accordance with the manufacturer's protocols. Single-read sequencing (75 bp) was conducted on an Illumina NextSeq500 (Illumina Inc., San Diego, CA, USA). Sequences were aligned to the canine genome (Broad CanFam3.1/canFam3, Sep. 2011) using the Burrows-Wheeler Aligner (BWA) (29) (BWA, RRID:SCR_010910). For each of the 24,581 annotated protein-coding canine genes (EMBL gene ID nomenclature), the aligned reads were counted using the R package GAGE (30) (GAGE, RRID:SCR_017067). For the human PC-3 and LNCaP, mapping and read counting were conducted using the RNA Express (version: 1.0.0) workflow within the Illumina basespace environment (BaseSpace, RRID:SCR_011881). In brief, after mapping to the human HG19 reference genome using the STAR (2.3.1s) aligner (STAR, RRID:SCR_015899) read counts for 23,710 annotated RefSeq genes were generated.



Statistical Analyses

Within each experiment, results were described using the mean values of the replicates. The graphs show the mean ± standard deviation. Significant differences between treatment and control were calculated by Dunnett's multiple comparison test for the confidence levels 95, 99, and 99.9% (BrdU proliferation assay and analyses of apoptosis) or student's t-test (cell count analyses) using SAS enterprise guide 7.1 (Statistical Analysis System, RRID:SCR_008567). Differences were considered statistically significant for p < 0.05. IC50 values were calculated using GraphPad Prism 7.02 (GraphPad Prism, RRID:SCR_002798).

Differential gene expression analyses for canine and human samples were conducted using the BioconductorR package edgeR 3.14.0 (31) (edgeR, RRID:SCR_012802). The average total read counts mapped within annotated genes were 12.2M (STD: 0.7M), 15.8M (STD: 1.1M), 13.5M (STD: 0.9M) for CT1258, PC-3 and LNCaP samples, respectively. Each PDA-66 treatment group (12 or 24 h) was compared to the respective control cells treated with DMSO. After multidimensional scaling and plotting of the data, one PC-3 DMSO treated control sample was identified as outlier and was excluded from further analyses so that the PC-3-24 h-DMSO group consisted of only two independent samples. Genes with a false discovery rate adjusted p-value (FDR) of < 0.001 were considered to have significantly different expressions compared to the control samples. These genes were mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for functional enrichment analyses using the Database for Annotation, Visualization and Integrated Discovery (DAVID) Functional Annotation Tool (32, 33) (DAVID, RRID:SCR_001881).




RESULTS


PDA-66 and PDA-377 Cause Morphological Changes

May-Grünwald-Giemsa staining revealed morphological changes in the three tested cell lines (Figure 1). Incubation with 5 μM PDA-66 caused an increased amount of large multinucleated cells as well as cells with pyknotic nuclei and karyorrhexis. Moreover, the cells aggregated in clusters and their cytoplasmic borders loosened. In LNCaP and CT1258 cells, 24 h after high-dose (15 μM) PDA-66 application, karyorrhexis was pronounced in most cells.


[image: Figure 1]
FIGURE 1. PC-3, LNCaP, and CT1258 cells were grown on microscope slides and incubated with both PDA derivatives for either 72 h with 5 μM PDA or 24 h with 15 μM. Representative pictures are displayed. After incubation with PDA-66, cells tend to aggregate and the cytoplasmic border loosens. Multinucleated cells, pyknosis (white arrows) and karyorrhexis (black arrows) can be determined. Post PDA-377 application, only minor morphological changes can be observed in PC-3 cells. In LNCaP and CT1258 cells, the reactions of cytoplasm and nucleus are similar to incubation with PDA-66.


PDA-377 incubation caused no visual effects after 5 μM treatment for 72 h, and only minor effects on the PC-3 cell line after 15 μM treatment for 24 h. The morphological changes on LNCaP and CT1258 cells were similar to PDA-66 incubation but less pronounced.

Time-lapse imaging movies of the three PCa cell lines showing the cellular response to 5 and 10 μM of either PDA-66 or PDA-377 as well as the control groups are given for demonstration (Supplementary Movies 1–15). Moreover, the formation of enlarged multi-nucleated cells as well as apoptosis during or shortly after mitosis was observed at higher PDA concentrations (Figure 2).


[image: Figure 2]
FIGURE 2. Two fates of PC-3 cells exposed to 5 μM PDA-66. Live cell imaging pictures show the same cell and image section during a 72 h incubation period. (A–D) apoptosis of cell in blue circle; (A) start of live cell imaging; diploid cell; (B) cell becomes round/detached in preparation for cell division; (C) formation of apoptotic bodies; (D) dead cell; (E–J) mitotic slippage of cell in red circle; (E) start of live cell imaging; diploid cell; (F) cell becomes round/detached in preparation for cell division; (G) two daughter cells with unbalanced distribution of chromosomes; (H,I) daughter cells merge again; (J) survival of a tetraploid/multi-nucleated cell. Please see Supplementary Material for the full movie.




PDA-66 and PDA-377 Inhibit Proliferation of Prostate Carcinoma Cell Lines

PDA-66 exposure demonstrated an inhibitory effect on both human cell lines and the canine cell line determined by BrdU proliferation assay (Figure 3). Application of 2.5 μM PDA-66 resulted in a significant decrease in the proliferative index in PC-3 and LNCaP cells 24 h after treatment. Moreover, PC-3 cells displayed significantly slower proliferation at 1.0 μM PDA-66 exposure after 48 and 72 h. Proliferation was reduced to 50% compared to the DMSO-exposed controls at 2.5 μM PDA-66 for PC-3 and at 5.0 μM for LNCaP cells after 72 h. Compared to the human cell lines, inhibition of proliferation of the canine cell line CT1258 was delayed, but was also more pronounced after 72 h post PDA-66 application, starting with concentrations of 0.5 μM. For all cell lines, the proliferative index did not drop below 25%. IC50 values were 2.07 μM (PC-3), 4.23 μM (LNCaP), and 2.19 μM (canine cell line CT1258) after a 72 h incubation period.


[image: Figure 3]
FIGURE 3. PC-3, LNCaP and CT1258 cells were exposed to increasing concentrations of PDA-66 and PDA-377 ranging from 0.25 to 10 μM and up to 25 μM in the case of CT1258. The cells were incubated for 24, 48, and 72 h, respectively. BrdU proliferation assay was used to determine the proliferative index. The results are expressed as a percentage of the DMSO-exposed control cells. The diagrams show the mean ± standard deviation of eight measurements. Significance of a treatment effect compared to the respective DMSO control (white bar) was determined using Dunnett's Multiple Comparison Test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.


Incubation with PDA-377 also led to a significant decrease in the proliferative index in all tested cell lines. PC-3 and LNCaP cells were inhibited at concentrations of 0.5 μM and 0.25 μM PDA-377 after 48 h. However, proliferation did not drop below 50% compared to the control samples for all tested incubation times and doses in the two human cell lines. For the canine cell line CT1258, the proliferative index dropped below 10% with an IC50 of 3.14 μM after a 72 h incubation period. Compared to PDA-66, PDA-377 treatment displayed a weaker inhibition on the human cell lines, especially within the first 24 h and a slightly stronger effect on the canine PCa cell line.



PDA-66 Induces Apoptosis

Consistent with live cell imaging observations and the proliferation assay, a significant change in the total number of cells was observed 48 h after PDA-66 application in all tested cell lines compared to their tested control cells (Figure 4). While the control cells showed a steady increase in cell numbers over time and at least doubled within 72 h, the number of PDA-66 treated cells decreased. The decrease below the amount of seeded cells (5 × 104) indicated the induction of cell death.


[image: Figure 4]
FIGURE 4. PC-3 cells were incubated with 2.5 μM PDA-66, LNCaP cells with 5 μM PDA-66 and CT1258 cells with 15 μM PDA-66 for 24, 48, and 72 h. After the incubation period, cells were counted via automatic cell counter. The diagrams show the mean ± standard deviation of three independent counting experiments. Significance of a treatment effect compared to the DMSO control was determined using the student's t-test. *, p < 0.05; ***, p < 0.001.


PDA-66 significantly induced apoptosis in all three PCa cell lines compared to the DMSO-exposed controls at different concentrations (Figure 5, representative dot blots are given in Supplementary Figure 1). Application of 2.5 μM PDA-66 led to an increase in both early and late apoptotic cells in the two human cell lines after 72 h, reaching up to 35.8%. The rate of late apoptotic/dead cells even increased to 43% in LNCaP cells after incubation with 5 μM PDA-66. In the canine cell line, early apoptotic induction increased over time for all concentrations up to 13.4% (72 h, 15 μM PDA-66), while the rate of late apoptotic/dead cells varied between 20.9 and 52.7%.


[image: Figure 5]
FIGURE 5. PC-3 cells were exposed to 0.5, 1.0, and 2.5 μM PDA-66, LNCaP cells were exposed to 1.0, 2.5, and 5.0 μM PDA-66, and CT1258 cells were exposed to 7.5, 10, and 15 μM PDA-66 for 24, 48, and 72 h, respectively. As a reference, DMSO-exposed cells were analyzed. Analysis of apoptosis was performed using Annexin V-FITC and propidium iodide (PI) staining with subsequent flow cytometry analysis. Rates of vital (FITC-, PI-) early apoptotic (FITC+, PI-) and late apoptotic (FITC+/-, PI+) cells are displayed as the mean ± standard deviation of three independent measurements. Significances compared to the DMSO control were determined using Dunnett's multiple comparison test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.




Transcriptomic Analyses of PDA-66 Treated Prostate Carcinoma Cells

All cell lines displayed a higher number of differentially expressed genes (DEG; FDR < 0.001) after 12 h compared to the 24 h treatment groups (Table 1), correlating with larger distances between clusters of the multidimensional scaling (MDS) plots and the control samples (Supplementary Figure 2). PC-3 and CT1258 cells showed more than 4,000 DEG after a 12 h and 24 h incubation period with PDA-66. In the LNCaP cell line, there were only up to 479 DEGs. Therefore, we focused on LNCaP for the KEGG pathway analysis (Table 2) with corresponding PC-3 and CT1258 values in comparison. Cell cycle, DNA replication and p53 signaling pathway were the only KEGG pathways significantly enriched (FDR < 0.05) in all three cell lines. Within these three pathways, 38 genes showed at least three significant values compared to the corresponding controls for the six analyzed groups and were further analyzed (Figure 6). The fold change pattern was highly consistent between the six groups. Within the relevant 38 genes, only five genes were inconsistent in the direction of their deregulation (upregulated vs. downregulated) across the three cell lines.


Table 1. Number of differentially expressed genes (DEGs) in treated prostate carcinoma cell lines compared to control samples.

[image: Table 1]


Table 2. KEGG pathways in LNCaP cells with an FDR < 0.05 and the corresponding values of these pathways in PC-3 and CT1258 cells after 12 h (A) and 24 h (B) of PDA-66 exposure.
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FIGURE 6. DEGs belonging to the KEGG pathways p53 signaling pathway, cell cycle and DNA replication after PDA-66 exposure. Numbers given for each gene are the fold changes expressed as logarithmized ratios (base 2) in the PCa cell lines after 12 and 24 h. Values highlighted in red or blue indicate significantly higher or lower expression compared to the DMSO control. Non-highlighted values were not significantly different (FDR ≥ 0.001).





DISCUSSION

In the present study, the effects of PDA-66 and PDA-377, two indolylmaleimide derivatives, were comparatively evaluated on three prostate carcinoma cell lines with a diverse genetic background. The human PC-3 and LNCaP cells are among the most used and best described PCa cell lines (34, 35), both established from metastatic adenocarcinomas. While PC-3 is androgen-independent (36), LNCaP is described as androgen-sensitive (37, 38). Well-characterized canine PCa cell lines are rare. Herein, CT1258 was used, a canine cell line derived by our working group from a metastatic adenocarcinoma, which has been previously established and characterized (26, 39–42).

Both PDA derivatives caused two distinct morphological changes in all tested cell lines. Live cell imaging and May-Grünwald-Giemsa staining revealed clear apoptotic features through observed pyknosis and karyorrhexis in May-Grünwald-Giemsa staining as well as the formation of apoptotic bodies in live cell imaging. These features match the proposed mechanism of induced mitotic arrest and subsequent MD. Secondly, some enlarged multinucleated cells formed. Cells can overcome the mitotic arrest before MD is triggered; a process known as slippage. After DNA replication in the S phase and escaping the mitotic arrest, these cells fail cytokinesis and/or the equal distribution of chromosomes, leading to enlarged multi-nucleated cells similar to those we observed (22, 43, 44).

Proliferation was measured via BrdU assay to quantify growth inhibition seen in live cell imaging. PDA-66 caused significant and dose-dependent anti-proliferative effects in all tested PCa cell lines. The herein demonstrated doses to inhibit proliferation significantly by at least 50% were between 5 and 10 μM PDA-66 within 72 h. The analyzed PCa cell lines were slightly less sensitive compared to other neoplastic cell lines like human neuroblastoma, human acute lymphoblastic leukemia or canine lymphoma (15–17). Consistent with live cell imaging movies, a significant reduction in total cell count and induction of apoptosis were separately quantified after PDA-66 incubation in all cell lines.

PDA-377 also induced anti-proliferative effects in all tested cell lines. However, for both human cell lines, the inhibition of proliferation was limited and most likely dose-independent, as a comparable decrease in proliferation was measured for almost all tested concentrations after 48 h. The proliferative index did not drop below 50%. In the canine cell line, the proliferation inhibition was clearly dose-dependent. After a 72 h incubation period, the proliferative index dropped below 10% with an IC50 of 3.14 μM. PDA-377 may be suitable for the treatment of prostate cancer in dogs. Nevertheless, no further testing with this substance was conducted, as the limited effect on the human cell lines contradicts the cross-species approach with dogs as a model to generate transferable findings to the benefit of both species.

To confirm whether MD takes place, whole transcriptome sequencing was conducted. The transcriptome analysis revealed the KEGG pathways cell cycle, p53 signaling pathway and DNA replication to be the only pathways with an enrichment of genes across the three PCa cell lines exposed to PDA-66. Other known microtubule-depolymerizing agents, like Vinca alkaloids or colchicine-binding site drugs, lead to failures in mitotic spindle formation and therefore chromosome segregation, which triggers the spindle assembly checkpoint (SAC; mitotic checkpoint). SAC activation causes mitotic arrest in the metaphase of the M phase of the cell cycle. Within the enriched KEGG cell cycle pathway, several important genes involved in SAC are upregulated after PDA-66 exposure, e.g., BUB1B, CDC20, CDK1, and MAD2. These DEGs are commonly involved in MD (20, 21, 45, 46).

MD resembles intrinsic apoptosis, and p53 and its pathway play a major role in most cells undergoing MD (19, 21, 46). Little is known about the downstream targets of SAC that trigger MD following a prolonged mitotic arrest (20), but the upregulated cyclin-dependent kinases CDK1 and CDK2, normally known for cell cycle progression, are directly linked with apoptosis after stress events like a mitotic arrest (47, 48).

Interestingly, there was also an upregulation of genes involved in G1/S phase cell cycle progression and DNA replication, especially within the two human cell lines. Given the M phase cell cycle arrest induced by SAC, an enrichment of S phase transcripts is unexpected. Moreover, G1/S phase transcripts were downregulated in canine lymphoma cell lines after PDA-66 exposure (17). However, formation of enlarged multinuclear cells, as observed in the PCa cell lines, has not been described for these lymphoma cells post PDA-66 incubation. These multinuclear cells have three possible fates: Post-slippage cell death (before re-entering mitosis), senescence or further proliferation (43, 49, 50). Senescent polyploid cells, locked in the next interphase after slippage, might be an explanation for the enrichment of G1/S phase transcripts seen in the PCa cell lines after PDA-66 application. For example, tumor suppressor BRCA1 was significantly upregulated compared to the controls in all PCa cell line samples post PDA-66 exposure (data not shown), a gene that plays an important role in interphase checkpoint activation (51).

The observed morphological changes and the transcriptome analysis match other anti-mitotic drugs causing MD. While most cells die as a result of this intrinsic cell death, some cells remain in a polyploid state after mitotic slippage. These cells are usually senescent and therefore incapable of further proliferation. However, they bear the risk of reinforcing the tumor, as their potential proliferation can lead to aneuploid cells, a hallmark of cancer (43, 49, 50, 52). The selection of aneuploid karyotypes promotes aneuploidy tolerance, a major driving force in cancer evolution and drug resistance (46, 52). Docetaxel, the first-line treatment for castration-resistant prostate cancer in men, is also an anti-mitotic drug causing microtubule perturbations. Similar to PDA-66, treating PC-3 cells with Docetaxel generates multinucleated polyploid cells, which have been linked to clinical relapse and chemoresistance (53). While slippage limits the effectiveness of anti-microtubule drugs, these substances have been proven successful in clinics and are commonly used in a variety of malignancies in addition to PCa (18, 20, 49, 50).

PCa cell lines of human and canine origin showed comparable cellular and molecular reactions, including significant inhibition of proliferation and induced apoptosis after PDA-66 incubation. Furthermore, efficacy of PDA-66 was not influenced by the androgen status of the cell line. As PDA-66 mediates its effects in a hormone-independent manner through microtubule destabilization, the compound is suitable to be used in androgen-dependent as well as -independent PCa subtypes. Based on the findings of this study, PDA-66 appears to be a worthwhile agent for further evaluation and potential treatment of PCa in dogs and, if successfully introduced, also in humans.

The cellular and molecular in vitro characterization of PDA-66 effects on PCa cells encourage, as a next step, to initiate an early clinical trial in dogs to evaluate the compound in naturally occurring PCa in the presence of an immune system. First, however, a pharmacokinetic study in dogs needs to be performed. An early study in mice revealed that i.p. application of 100 mg/kg PDA-66 once per day was well-tolerated (17). The value for humans will be enhanced by the fact that dogs have several advantages over laboratory models, e.g., mice for comparative pharmacokinetics, as dogs represent an outbred non-immunodeficient model population. As companion animals, dogs are exposed to the same environmental risk factors as humans and the parallel evolution of humans and dogs led to a more similar genomic organization compared to rodents (54–57). Treatment of spontaneously occurring PCa in dogs can provide additional valuable information that can benefit both humans and dogs.
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Canine mammary tumors (CMTs) are the most common neoplasm in intact female dogs. Canine mammary cancer (CMC) represents 50% of CMTs, and besides surgery, which is the elective treatment, additional targeted and non-targeted therapies could offer benefits in terms of survival to these patients. Also, CMC is considered a good spontaneous intermediate animal model for the research of human breast cancer (HBC), and therefore, the study of new treatments for CMC is a promising field in comparative oncology. Dogs with CMC have a comparable disease, an intact immune system, and a much shorter life span, which allows the achievement of results in a relatively short time. Besides conventional chemotherapy, innovative therapies have a large niche of opportunities. In this article, a comprehensive review of the current research in adjuvant therapies for CMC is conducted to gather available information and evaluate the perspectives. Firstly, updates are provided on the clinical–pathological approach and the use of conventional therapies, to delve later into precision therapies against therapeutic targets such as hormone receptors, tyrosine kinase receptors, p53 tumor suppressor gene, cyclooxygenases, the signaling pathways involved in epithelial–mesenchymal transition, and immunotherapy in different approaches. A comparison of the different investigations on targeted therapies in HBC is also carried out. In the last years, the increasing number of basic research studies of new promising therapeutic agents on CMC cell lines and CMC mouse xenografts is outstanding. As the main conclusion of this review, the lack of effort to bring the in vitro studies into the field of applied clinical research emerges. There is a great need for well-planned large prospective randomized clinical trials in dogs with CMC to obtain valid results for both species, humans and dogs, on the use of new therapies. Following the One Health concept, human and veterinary oncology will have to join forces to take advantage of both the economic and technological resources that are invested in HBC research, together with the innumerable advantages of dogs with CMC as a spontaneous animal model.

Keywords: canine mammary cancer, targeted therapy, markers, immunotherapy, immunophenotyping, hormonal therapy, tyrosine kinase receptors inhibitors


INTRODUCTION

Canine mammary tumors (CMTs) are a highly heterogeneous group of neoplasms that represent between 50 and 70% of all tumors in intact female dogs (1–4). The prevalence varies depending on the geographic location, being greater in countries where ovariectomy is not routinely performed (4). In these countries, the prevalence of mammary neoplasms in female dogs is three times higher than the prevalence in women (3). Historically, roughly 50% of CMTs are considered to be malignant (1, 2, 5, 6). However, recent studies have shown an increase in malignant vs. benign tumors over the last years, a similar trend that has been detected in human medicine (2). Canine mammary cancer (CMC) and human breast cancer (HBC) share not only the aforesaid trend but also many epidemiological, environmental, biological, clinical, genetic, and pathological features, including a remarkable histological and molecular heterogeneity. Many authors have claimed CMC as a good spontaneous model for the study of HBC, especially the inflammatory mammary cancer, the deadliest type (7–12). In female dogs and in women, mammary cancer is the most frequently diagnosed malignancy (4) and the leading cause of cancer-related death in women worldwide (13). For this reason, over the past two decades, innovative HBC treatments have incredibly evolved to place emphasis on more molecularly directed individual therapies while diminishing radio- and chemotherapy to reduce the adverse effects of treatment (14). Since the publication of the intrinsic molecular classification of Perou and Solie in 2000, which distinguished four subtypes of HBC (luminal A, luminal B, basal-like, and HER-2 enriched), the clinical management shifted to a biology-centered approach, based on the expressions of estrogen and progesterone receptors (luminal subtypes), the human epidermal growth factor receptor 2 (HER-2), and basal markers (positive for high-molecular-weight cytokeratins, as cytokeratins 5/6, 14, and 17) (15). Nowadays, the classification of five molecular subtypes (luminal A, luminal B HER-2–, luminal B HER-2+, HER-2 enriched, and triple negative) is the most widely utilized in human medicine to elect targeted therapy: anti-estrogenic drugs for the luminal subtypes and anti-HER-2 treatment for the HER-2-enriched tumors. Unfortunately, since triple-negative mammary cancer does not currently have a specific targeted therapy, its prognosis is poor (14). Surgery is the treatment of choice in both HBC and CMC, and adjuvant therapies are only given on a routine basis in HBC. On the contrary to HBC treatment, adjuvant chemotherapy has not been proven to have a clear benefit in dogs with CMC yet (16–19). In spite that the application of clinical staging of patients with CMC and the histological grading of the neoplasms have helped to standardize prognosis and treatments, no precision therapies are routinely administered to dogs bearing mammary neoplasms. For all these reasons, the CMC-related mortality is relatively high: over 40% of the patients die within a year after diagnosis (20). There is an urge to developing updated therapeutic protocols and targeted therapies. Therefore, a comprehensive review of the current research in adjuvant therapies for CMC is conducted here to gather available information and evaluate the perspectives.



CONVENTIONAL AND NEW CLINICAL AND HISTOLOGICAL APPROACHES


Staging System

Dogs with CMC are staged according to the modified World Health Organization (WHO) TNM system (T, size of tumor; N, affectation of lymph nodes; M, distant metastasis) (21).

More recently, a pathological staging system inspired in human oncology, in which T is replaced by pathologic tumor size (pT) and N is replaced by the pathologic nodal status (pN), with the addition of lymphovascular invasion (LVI) has been proposed, the stages being 0, I, II, IIIA, and IIIB (22). The use of this system is still limited, the major criticism being its inability to discriminate different stages of malignancy in cases with no LVI or lymph node affectation, which are the vast majority.

The current staging system is not flexible enough to allow prognostic differences between specific tumor types and subtypes and does not consider tumor grades or lymphovascular invasion (21). Therefore, new “bio-score” systems combining the anatomical staging (TNM) with many histological and biological variables have been developed: multivariate scoring (scores from 0 to 40) and refined flexible scoring (scores from 0 to 6.5). Although both systems were accurate in predicting the survival, the refined flexible scoring was superior in differentiating dogs with a high or a low risk of metastasis (23). Greater efforts should be made to implement these bio-score systems in larger prospective studies, allowing for more widespread use and the refinement of these increasingly accurate prognostic systems.



Histopathological Classification and Grading

The new classification of CMTs (24), which substitutes the WHO's 1974 and the last 2011 classification (5), together with the current grading system used worldwide for malignant CMC (9), as an adaptation of the Nottingham method utilized for HBC (25), have given tools to pathologists for accurate diagnosis and prognosis of CMTs since several studies have validated the prognostic significance of histopathological classification and grading (26, 27).



Cell Markers for Diagnosis: Immunophenotyping

Normal mammary gland cells of both humans and dogs have distinct immunoprofiles that can be used for diagnosis and potentially for targeted therapies. Luminal epithelial cells are characterized by the expression of low-molecular-weight (LMW) type I acidic cytokeratins (CKs) 18 and 19 and type II basic CKs 7 and 8. Basal/myoepithelial cells express high-molecular-weight (HMW) type I acidic CKs 14 and 17 and type II basic CKs 5 and 6 (Figures 1, 2). Myoepithelial cells, much more proliferative in CMC than in HBC (5), also express other markers such as p63, vimentin, calponin, smooth muscle actin (SMA), P-cadherin, CD10, epidermal growth factor receptor (EGFR), maspin, and 14-3-3 sigma protein (28–31) (Figures 3–5). However, a study performed in 2014 showed that, as happens in human breast (32), the mammary gland subpopulations are more complex than this. Using single and double immunohistochemistry (IHC) on serial sections of normal canine mammary gland, five distinct subpopulations were identified: (1) progenitor cells (CK5+, CK14+, p63+, and VIM+); (2) intermediary myoepithelial cells (CK5+, CK14+, p63+, SMA+, CALP+, and VIM+); (3) terminally differentiated myoepithelial cells (CALP+, SMA+, and VIM+); (4) intermediary luminal glandular cells (CK5+, CK14+, and CK8/CK18+); and (5) terminally differentiated luminal glandular cells (CK8/CK18+). The ducts are considered regenerative niches as they contain progenitor cells and intermediary luminal glandular cells; however, these are located in the basal position (33) and not in the luminal position, as occurs in women (34).


[image: Figure 1]
FIGURE 1. Tubulo-papillary carcinoma, mammary gland, dog. Immunohistochemical cytoplasmic staining of wide-spectrum cytokeratins (AE1/AE3). Luminal and basal/myoepithelial cells are positive (brown).
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FIGURE 2. Tubulo-papillary carcinoma, mammary gland, dog. Immunohistochemical cytoplasmic staining of cytokeratin 14. Basal/myoepithelial cells are positive.



[image: Figure 3]
FIGURE 3. Epitheliosis, mammary gland, dog. Immunohistochemical nuclear staining of p63. Myoepithelial cells are positive.



[image: Figure 4]
FIGURE 4. Tubular carcinoma, mammary gland, dog. Immunohistochemical cytoplasmic staining of calponin. Myoepithelial cells are positive.



[image: Figure 5]
FIGURE 5. Carcinoma and malignant myoepithelioma, mammary gland, dog. Immunohistochemical nuclear staining of p63. Interstitial proliferated myoepithelial cells are positive.




Molecular Classification

In human breast pathology, IHC is routinely used to assist with the prognosis and to determine the specific treatment for patients (35). Over the past years, there has been considerable efforts to characterize and classify HBC at the molecular level to establish effective individual treatments. However, due to time and cost constraints, the surrogate molecular breast cancer classification is still largely based on IHC assessment of biomarkers: estrogen receptor (ER), progesterone receptor (PR), HER-2, and Ki-67, among others (36). Nowadays, HBC is classified on the following molecular subtypes by IHC (Table 1): luminal A (ER/PR+, HER-2–, and Ki-67 low), luminal B HER-2 negative (ER+, PR– or low, HER-2–, and Ki-67 high), luminal B HER-2 positive (ER+, PR+/–, HER-2+, and Ki-67 high), HER-2 enriched or overexpressed (ER/PR–, HER-2+, and Ki-67 high), and triple negative (ER–, PR–, HER-2–, and Ki-67 high). Triple-negative breast cancer (TNBC) can be further subdivided, according to genetic signatures, into luminal androgen receptor (LAR), mesenchymal (MES), and two basal-like subtypes (positive for high-molecular-weight cytokeratins): immunosuppressed (basal-like immunosuppressed, BLIS) and immune-activated (basal-like immune-activated, BLIA), depending on the upregulation or downregulation of genes associated with T, B, and natural killer (NK) cells (14, 36, 37).


Table 1. Classification of molecular subtypes in human breast cancer.

[image: Table 1]

Despite the relevance of molecular subtyping in HBC, highly variable and even contradictory results have been obtained in CMC (10, 38–43). Regardless of the established guidelines for immunohistochemical assessment (31), variable application of the criteria has been utilized, and the percentages of the molecular subtypes differ enormously among investigations.

HER-2 immunodetection in CMTs has always remained controversial. In a study performed by Abadie et al. (10), following appropriate standardized intrinsic and extrinsic controls (31), there were no HER-2-enriched tumors, in contrast to other studies in which between 5 and 15% of the mammary neoplasms were classified as HER-2 enriched (38, 42, 43). Previous studies identified HER-2 in normal, hyperplastic, and dysplastic mammary tissues and found no relation with prognostic parameters such as disease-free interval (DFI), overall survival (OS), and lymphovascular invasion, suggesting that HER-2 may play a role in the proliferation of mammary tissue in female dogs, but not conclusively in its malignant transformation (40). Furthermore, in a recent publication (44), HER-2 messenger RNA (mRNA) expression was observed in neoplastic and non-neoplastic mammary tissues using a novel quantitative RNA in situ hybridization assay, which correlates with the immunohistochemistry score. Among the non-neoplastic mammary tissues (hyperplasia), all cases showed HER-2: 21.4% were classified as 1+, while 78.6% were positive (2+ and 3+) (Figure 6). Moreover, within neoplastic tissues, no significant associations between HER-2 expression and clinical parameters were found.


[image: Figure 6]
FIGURE 6. Tubular carcinoma, mammary gland, dog. Immunohistochemical membranous staining of human epidermal growth factor receptor 2 (HER-2). Complete and incomplete membranous staining of neoplastic cells.


The specificity of human anti-HER-2 antibody (Dako A0485) for HER-2 immunolabeling in canine tissues is also controversial. While one study showed no evidence of its specificity in canine tissues by Western blotting and subsequent mass spectrometric analysis (45), another work showed the cross-reactivity of the human anti-HER2 antibody in canine tissue (urothelial) by Western blotting (46).

Triple-negative tumors account for approximately half of CMCs (58.6%) (10), and showed significantly shorter disease-free interval (DFI) and overall survival (OS) in comparison to luminal A tumors. Comparable results were obtained in other studies: a triple-negative phenotype was related to a higher histological grade of malignancy, lymphatic invasion, and poorer prognosis. On the other hand, luminal A tumors were frequently complex tumors associated with better prognosis and longer DFI and OS (10, 38, 42, 43). In a study, HER-2-enriched and triple-negative CMCs presented a downregulation of E-cadherin compared to the luminal A and B subtypes, which are related to invasion and metastasis (43).



Surgery

Surgery is the primary treatment in the control of CMTs; the goal is to remove the tumor(s) with clean margins and, depending on the case, to prevent the development of new tumors in the remaining glands (4). Clean margins have been found to be predictive of the median survival time (MST) in dogs with stages I–III (19), and very recent publications have elucidated new strategies for the intraoperative assessment of margins using near-infrared light waves to generate real-time, high-resolution images on the microscopic scale, similar to low-power histopathology (47–49).

Despite the elevated frequency of CMTs, there is a lack of prospective clinical trials robust enough to establish the extent of surgical excision: simple lumpectomy, local mastectomy, regional mastectomy, total chain mastectomy, or bilateral total mastectomy (4). Nevertheless, the current literature recommendations are the following: If a single, small (<1 cm) tumor is present, nodulectomy is usually carried out. Simple mastectomy is indicated when the tumor is larger and centrally located within the mammary gland. When multiple tumors are in consecutive glands, or a single tumor is found between two mammary glands, regional mastectomy (excision of adjacent mammary glands, from one to two or from three to five) is performed. Finally, total mastectomy is indicated when multiple tumors are distributed throughout the mammary chain, regardless of the size (4). Those cases in which surgery is not recommended are advanced metastatic (stage V) cancer (17, 50) and inflammatory mammary cancer (IMC) (7, 8, 51).

Additional treatment (adjuvant therapy) can be given after the primary mammary cancer treatment (surgery) to lower the risk of developing further recurrences and metastasis. Adjuvant therapy may include chemotherapy, radiotherapy, and targeted or individualized therapy, this latest based on the specific genetic characteristics of the cancer in a patient (52–55).



Chemotherapy

Approximately 50% of the dogs with CMTs have at least a malignant neoplasm, and these patients would further profit from adjuvant chemotherapy. However, it has not been demonstrated conclusively if adjuvant chemotherapy offers a significant benefit to dogs with CMTs. Although cases have reported measurable tumor responses to doxorubicin (56–58), carboplatin (59, 60), mitoxantrone, and paclitaxel (61, 62), larger studies have not found a significant improvement of the measurable clinical responses (MST, DFI, or OS) using gemcitabine (17), doxorubicin, docetaxel (16, 19), and mitoxantrone (19). Due to the lack of efficient chemotherapeutics, dogs with malignant CMTs show high rates of recurrence (63) and poor prognosis (64).

Despite this uncertainty, chemotherapy is frequently used in those dogs with tumors considered at high risk of metastasis or recurrence (4).

Another chemotherapeutic approach is oral metronomic chemotherapy, which involves the administration of the lowest biologically effective dose at frequent regular intervals (65). In veterinary medicine, metronomic chemotherapy has been studied since 2007 (66) in tumors that include hemangiosarcoma (67–72), osteosarcoma (73–76), hepatic neuroendocrine carcinoma (77), primary lung carcinoma (78), soft tissue sarcomas (79–82), and transitional cell carcinomas (83), with chemotherapeutics such as cyclophosphamide, lomustine, and chlorambucil. To date, only one study has been published regarding CMC (84), in which longer MSTs were observed in patients treated with surgery and metronomic chemotherapy compared to dogs treated with surgery and conventional chemotherapy.



Radiotherapy

Although radiotherapy is commonly used in HBCs with locoregional treatment (14), only one study has been published in CMC, specifically in dogs bearing IMC. Radiotherapy, in combination with piroxicam, toceranib, and thalidomide, showed significantly longer time to progression than those patients treated with the same regimen, but without radiotherapy (85).




ADJUVANT TARGETED THERAPIES

Targeted therapies involve drugs that block the growth of cancer by interfering with individually expressed specific molecules responsible for tumor cell proliferation, survival, metastasis, or microenvironment (86). Given the poorly efficient available adjuvant therapies in dogs with mammary cancer, several studies have been made in vitro in animal models (mice) and few clinical trials, which are shown below.


Hormonal Therapy

Estrogens, progesterone, prolactin (PRL), and growth hormone (GH) are essential for physiological mammary development. The effects of these hormones are mediated through binding to their respective receptors within the mammary gland (6) (Figures 7, 8). Estrogens and progesterone have been historically known to have a main role in tumorigenesis in CMTs, as spaying of female dogs before the first or second heat has significant protective effects (87). On the other hand, exposure to exogenous hormones (both estrogens and progestins) increases the risk of developing CMTs in dogs (88). Furthermore, studies have found that dogs with CMC have higher levels of estrogens in the blood, except in IMC, where the serum estrogens levels are lower than in dogs with other malignant mammary tumors (89, 90). On the other hand, ER, PR, PRL, PRL receptor, and GH receptor have been found to be downregulated in malignant mammary tumors compared to normal mammary gland (91, 92) and benign tumors (92–94). Furthermore, lymphatic invasion, high mitotic index, large tumor size, and tumor grade are significantly associated with low ER/PR expressions. Tumors with low ER/PR expressions have poorer prognosis (89, 93, 94).


[image: Figure 7]
FIGURE 7. Solid carcinoma, mammary gland, dog. Immunohistochemical nuclear staining of estrogen receptor (ER). Neoplastic cells are positive with different intensities of immunolabeling.



[image: Figure 8]
FIGURE 8. Tubular carcinoma, mammary gland, dog. Immunohistochemical nuclear staining of progesterone receptor (PR). Neoplastic cells are positive.


In human medicine, ER+ breast cancer is the most common subgroup (>70%) (95). The risk of ER+ breast cancer increases with exposure to estrogens during a lifetime, for example due to an earlier menarche or late menopause (14). Moreover, hormone replacement therapy on menopausal women increases the risk of breast cancer (96). In women with HBC, ER+ tumors are susceptible to anti-hormone treatment. This therapy is designed to target mainly ER using antiestrogens, such as tamoxifen or fulvestrant, or by inhibiting the endogenous synthesis of 17β-estradiol using aromatase inhibitors (97).

Tamoxifen is a selective inhibitor of ER that is widely utilized in the treatment of HBC. However, in dogs, severe adverse effects (vulvar edema, vaginal purulent discharge, and pyometra) are repeatedly seen, and that outweighs the possible benefits of this hormone therapy (98, 99).

For this reason, other antiestrogens are being studied for their use in CMC. Indole-3-carbinol is a natural phytochemical found in cruciferous vegetables (i.e., cauliflower, cabbage, and broccoli) that has been proven to suppress cell proliferation and induce apoptosis in breast cancer cell lines by multiple mechanisms such as blocking estrogen receptors (100, 101). In veterinary medicine, a mouse xenograft model of canine IMC was treated with indole-3-carbinol, resulting in decreased tumor proliferation and increased apoptosis, although metastasis and lymphatic embolization were not prevented (102).

When women reach menopause, the ovaries no longer produce estrogen; however, this hormone is produced at other sites (fat, liver, muscle, and mammary tissue) through the aromatase enzyme (103). Aromatase mRNA levels are higher in cancerous tissues than in normal breast tissues in humans (104). Therefore, while ER inhibitors (e.g., tamoxifen) are preferentially given in premenopausal women with ER+ HBC, aromatase inhibitors are used for the treatment of postmenopausal patients with ER+ breast cancer (103). In dogs, IMC has been shown to express higher levels of aromatase than non-IMC. Moreover, in vitro treatment with letrozole, an aromatase inhibitor, significantly reduced cell proliferation in an IMC cell line (105). No clinical trials on the use of aromatase in dogs with CMC have been reported.

Melatonin is a hormone produced by the pineal gland in response to darkness, regulated by photoperiod (106). In breast tissue, melatonin exerts its action through two receptors: melatonin receptors 1 and 2 (MT1 and MT2, respectively) (107). A positive correlation between MT1 and ERα expressions has been demonstrated and recognized as a prognostic marker for OS in HBC (108). Furthermore, melatonin has been shown to suppress the proliferation of HBC cell lines in vitro and in vivo by disrupting estrogen-dependent signaling as well as inhibiting estrogen production in the gonads and in breast tissues through the aromatase pathway (109–111).

In the last decades, the role of androgens on HBC has started to gain the attention of researchers. Not only can androgens be a source of estrogen through the aromatase pathway but they have also been directly implicated as possible carcinogen factors for breast cancer (112). The androgen receptor (AR) is expressed in ~70–90% of invasive human breast cancers, a frequency comparable to or higher than those reported for ER (70–80%) and PR (50–70%) (113, 114). On the other hand, AR has been found in 64% of IMC and 40% of non-inflammatory CMC (89) (Figure 9). To date, in human medicine, AR-targeted drugs have been approved for the treatment of prostate cancer, and different AR inhibitors are being investigated for the treatment of HBC, specifically for the LAR subtype of triple-negative breast cancer (115). Flutamide is an analog of androgen that blocks the AR (116). It is already used in veterinary medicine to treat canine prostate hyperplasia and cancer (117), but has not been tested in patients with CMC. Flutamide has been shown in vitro to decrease the proliferation of an IMC cell line, and reductions in the tumor size and metastasis rates in IMC xenografted mice were found (118).


[image: Figure 9]
FIGURE 9. Tubular carcinoma, mammary gland, dog. Immunohistochemical nuclear staining of androgen receptor (AR). Neoplastic cells are negative; adjacent mammary hyperplastic cells are positive.


Progesterone has also a relevant role in HBC (119) and in CMC (105, 120). Progesterone signals via PR, whose expression is stimulated by estrogen (121). Some authors have suggested that progesterone may lead the transition of tumors from luminal to a basal phenotype (122). Upon progesterone exposure, luminal cells secrete growth factors (RANKL and Wnt) that may stimulate the recruitment and differentiation of cancer stem cells (CSCs, characterized by CD40HIGH and CD24LOW) (123).

Therapeutic targeting of PRs have been studied in HBC as a treatment of endocrine refractory breast cancer, the most common drugs being megestrol acetate, medroxyprogesterone acetate, mifepristone, and onaprestone (124). The antiprogestin aglepristone is employed in veterinary medicine for abortion, parturition induction, and pyometra treatment in female dogs (125). The study of antiprogestins in oncology has begun relatively recently. Mifepristone and onapristone have been shown to decrease the number of viable tumor cells in vitro in a canine mammary carcinoma cell line (126). In vivo, aglepristone treatment diminished the expression of PR, reduced the proliferation index in PR+ CMTs (127), and significantly increased DFI and OS in cases with PR+, <3 cm, low and medium grade, low proliferative tumors (128). Although promising for PR+ CMTs, antiprogestins in veterinary oncology need further studies with larger series and longer follow-up periods.

Oxytocin is a peptide hormone mainly synthesized in the hypothalamus that plays a role in uterine contraction and milk ejection, among other functions, and has been linked to the mammary carcinogenic process. Human (129) and canine (130) carcinoma cell lines and HBC xenografted mice (131) have shown reduced proliferation after oxytocin treatment. Recently, it has been shown that the expression of oxytocin receptors in CMTs is associated with ER+, benign tumors, and low-grade malignant tumors compared to high-grade malignant tumors (132).

Desmopressin is a synthetic analogous of vasopressin (antidiuretic hormone) that binds to the V2 membrane receptor (V2R); it has been used for the management of diabetes insipidus in humans (133) and dogs (134). Since V2R is also expressed in endothelial cells, desmopressin has been employed in the treatment of different bleeding disorders due to its effects in the hemostatic system (135). In oncology, a number of studies have shown in mouse models of HBC and in different HBC cell lines that this peptide seems to have anti-metastatic and anti-proliferative effects, probably by targeting V2R-expressing cancer cells and raising intracellular cAMP (136, 137). In a study on canine mammary carcinoma cell lines, desmopressin was shown to decrease cell viability at high concentrations (130). Furthermore, a veterinary clinical trial has demonstrated that the perioperative administration of desmopressin increases the DFI and OS in CMC (138). Although it seemed a very promising therapy, there have been no subsequent clinical trials in veterinary or human medicine performed by this group, with the exception of a phase II trial in HBC patients in 2015 (139), where the safety of perioperative administration was established; however, the effect on DFI, OS, or any other clinical parameter has not been reported. Due to this controversy, Sorenmo et al. conducted a prospective randomized trial in dogs with CMC, in which no metastasis-preventing effect of desmopressin was found (140).



Tyrosine Kinase Receptors

Tyrosine kinase receptors (TKRs) catalyze a series of phosphorylation of target proteins that play a significant role in cell proliferation, metabolism, motility, survival, and apoptosis, as well as endothelial cell activation, leading to neovascularization.

Breakthroughs in biotechnology over the past decades have led to the development of new molecules that act on specific targets, among which small-molecule tyrosine kinase inhibitors (TKIs) and monoclonal antibodies (mAbs) stand out. Small-molecule (below 900 Da) tyrosine kinase inhibitors rapidly diffuse across cell membranes and target intracellular or extracellular proteins (kinases). To identify TKIs, the suffix “nib” is placed at the end of the generic name (141). On the other hand, monoclonal antibodies cannot cross cell membranes, therefore acting on the extracellular targets. The stem “mab” at the end of the name corresponds to mAbs. When the monoclonal antibody is completely human, the “umab” substem is used (e.g., nivolumab). If the immunoglobulin is chimeric (human constant domain, plus non-human variable domain), the mAb is named with the “ximab” substem; when the antibody is humanized (human framework with grafted murine complementary determining regions), then the “zumab” substem is utilized (e.g., trastuzumab) (142).

Among TKRs, HER-2, vascular endothelial growth factor receptors (VEGFRs), platelet-derived growth factor receptors (PDGFRs), stem cell factor receptor (c-KitR), and colony-stimulating factor 1 (CSF-1) are overexpressed or constitutively activated in human and canine tumors (143, 144). Tyrosine kinase inhibitors act by competitive inhibition of ATP binding, thus avoiding consecutive phosphorylation reactions and blocking signal transduction to the nucleus, inducing the deregulation of cellular proliferation and differentiation (145). Most of the TKIs are given orally, which means a huge benefit for animal welfare, diminishing stressful situations and providing ease of administration by the owner (146). For these reasons, several attempts to block these receptors have been made in veterinary oncology. Some TKIs designed for human oncology can have multiple actions depending on the receptor blocked (i.e., sunitinib inhibits VEGFR, PDGFR, c-KitR, and CSF-2) (147) and can be served for different types of cancer. Below, we review these targets separately.


Anti-Her-2

The family of EGFRs encompasses four tyrosine kinases receptors also named human epidermal receptors (HERs): HER-1, HER-2, HER-3, and HER-4. When activated, these receptors trigger numerous signaling pathways, which regulate cell proliferation and survival, as well as the metastasis of tumor cells (144). Approximately 15–25% of HBC show overexpression of the HER-2 protein and/or amplification of the HER-2 gene, which is generally associated with a poor prognosis and an aggressive disease course (148).

The targeted therapy with anti-HER-2 agents in HBC is well-established. Several classes of anti-HER-2 agents have been developed, including: (1) monoclonal antibodies that bind to the extracellular domain of HER-2, such as trastuzumab and pertuzumab, which act by direct inhibition of HER-2 and indirect activation of the immune system to evoke antibody-dependent cellular toxicity; (2) small-molecule TKIs, including lapatinib, neratinib, and afatinib, that bind to the intracellular tyrosine kinase domains of HER-2 and other HER family members; and (3) antibody–drug conjugates, e.g., trastuzumab emtansine (T-DM1), composed of a monoclonal antibody directed at the extracellular domain of HER-2 linked to a cytotoxic agent. All of the latter have been approved by the European Medicines Agency (EMA) for clinical use in patients with HER-2+ HBC (149).

The amino acid homology values between canine and human EGFR-1 and HER-2 are reported to be 91 and 92%, respectively (150). In silico studies (research conducted by computer modeling or simulation) have shown that cetuximab (monoclonal antibody against EGFR-1) epitopes only differ by four amino acids in canines, while the trastuzumab (monoclonal antibody against HER-2) binding site is identical in humans and canines. In vitro studies with canine mammary carcinoma cells have reported a significant growth inhibition and G0/G1 phase arrest when treated with either cetuximab or trastuzumab (150). A “caninized” version of cetuximab developed by the same group, fusing the canine constant heavy-chain genes with the variable region murine genes of cetuximab, was able to inhibit the proliferation of canine mammary carcinoma cell lines, enhancing tumor cell killing via (151) phagocytosis.

With regard to anti-HER-2 TKIs, only gefitinib has been attested in CMTs. In vitro studies showed anti-proliferative effects in a canine mammary carcinoma cell line comparable to those with small interfering RNA (siRNA) targeting EGFR and HER-2 (152).

There are no clinical trials published on the use of HER-2 inhibitors in CMC, and their potential use in veterinary medicine is still far from daily routine.



Anti-angiogenesis

Since 1971, it is well-known that the growth of solid tumors, beyond the size of 1–2 mm3, is conditioned to a sufficient supply of nutrients and oxygen, for which the new development of blood vessels was hypothesized and called angiogenesis (153). In early tumor development, neoplastic cells are oxygenated through simple diffusion in a phase defined as “avascular state.” With time and growth, tumor cells are deprived of oxygen and undergo a phenotypical change into a pro-angiogenic state (angiogenic switch) by inducing specific gene expression to overcome hypoxia through sprouting angiogenesis, vasculogenic mimicry (VM), and/or vascular co-option (VCO) (154). The sprouting angiogenic process occurs in both normal and neoplastic tissues. It is a complex process regulated by pro- and anti-angiogenic factors, among which stands out the VEGF family receptors, especially VEGF-A and its receptor (VEGFR-2), the fibroblast growth factor receptor 2 (FGFR-2), and PDGFR (154). VM and VCO are only found in highly aggressive cancers, as is explained below.

In both, humans (155) and dogs (156), VEGFR-2 and PDGFR are increased in malignant, triple-negative mammary tumors, being higher in those cases with metastatic disease (distant > regional) and positively correlated with tumor grade. Further, in HBC, microvascular density (MVD) is significantly correlated with metastasis, OS, and DFI (157); likewise, MVD is increased in canine primary mammary tumors with distant metastasis (156, 158).

In human medicine, about one third of the molecular therapeutics in clinical development are directed against angiogenesis. Angiogenesis is mediated by two major molecular routes: the VEGF axis-dependent route and the non-VEGF-mediated mechanisms (159). The anti-angiogenic therapies against the VEGF family block either the ligands or the receptors (160). The most widely studied anti-angiogenic therapeutic is bevacizumab (monoclonal antibody against the anti-VEGF-A ligand). In 2008, it became the first Food and Drug Administration (FDA)-approved anti-angiogenic drug for HBC; however, due to the lack of significant clinical improvements in subsequent studies, the approval was revoked in 2011 (161).

Small-molecule TKIs that block the VEGF family receptors have also been developed (pazopanib, sunitinib, and sorafenib, among others), many of them not only acting against angiogenesis but also diminishing other tumor metabolic pathways (162). For instance, pazopanib acts as an anti-angiogenic through the inhibition of VEGFR, PDGFR, and c-Kit in human renal carcinoma, soft tissue sarcoma, and breast cancer in combination with the anti-HER-2 lapatinib (163). In addition, sunitinib, which inhibits VEGFR, PDGFR, c-KitR, and CSF-1R, has shown promising activity as a single agent for advanced HBC (164). On the other hand, sorafenib, a VEGFR, PDGFR, and rapid accelerated fibrosarcoma-1 (Raf-1) kinase inhibitor, has antitumor effects in vitro and inhibits neovascularization in xenograft models of HBC (165). Sorafenib has been assessed in veterinary medicine, and it has shown a promising ability to inhibit VM in CMC cell lines in vitro (166). Other TKIs that target VEGFR-2 and that have been proven to significantly diminish the level of active (phosphorylated) VEGFR2, reduce cell proliferation and migration, and increase apoptosis in in vitro studies against CMT cell lines are rivoceranib (apatinib) (167) and vandetanib (168).

Despite the logical targeting of angiogenic pathways in cancer treatment and significant efforts in new drug development and HBC clinical trials, no significant clinical benefit has been achieved that outweighs the potential side effects. Some authors have hypothesized that a multi-target approach to angiogenesis is needed to overcome the apparent resistance of tumors to anti-angiogenesis treatment (159).

As stated earlier, angiogenesis is not the exclusive method to nourish tumor cells; two other mechanisms have been discovered in highly aggressive neoplasms—VM (169, 170) and VCO (171)—which have been hypothesized as responsible for the resistance to anti-angiogenic therapy (172–174). VM describes the formation of de novo vascular channels lined by genetically deregulated highly malignant cancer cells (175). These cancer cells, also called endothelial-like cells, exhibit cancer stem cell markers and characteristic endothelial morphology under electron microscopy in cell lines of human and canine inflammatory mammary cancer (176). VM has been associated with the spread and metastasis of human (177) and canine mammary tumors (178). VM was found in 33% of canine mammary tumors, and its presence was correlated with histological grade of malignancy and shorter survival times (166).

In VCO, neoplastic cells closely adhere to preexisting blood vessels to obtain nutrients and oxygen and further develop sprouting angiogenesis after the hypoxia switch is turned on (174, 179). In veterinary medicine, VCO has not been recognized yet.



Anti c-Kit and Other Receptors

The stem cell factor receptor c-Kit is an active participant in many vital functions in humans and animals, such as homeostasis, cell maintenance, differentiation, and melanogenesis, in a wide variety of cells (180). However, overexpression or mutation where the receptor is constitutively activated has been detected in a number of tumors in humans (181) and dogs, notably in canine mast cell tumors (143). In canine mast cell tumors, the c-Kit receptor can be labeled by immunohistochemistry in three different staining patterns: pattern I (perimembranous staining), pattern II (focal or stippled cytoplasmic), and pattern III (diffuse cytoplasmic staining), pattern III being the more aggressive (182). In women, c-Kit is expressed in normal breast tissue and is gradually lost during the malignant progression of breast tumors due to a downregulation at the mRNA level (183). On the contrary, c-Kit has been found to be present in 38.5% of CMTs (184) (Figure 10) and seems to be overexpressed in malignant mammary tumors (185, 186), in addition to being correlated with the proliferation index (187) and angiogenesis (188).
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FIGURE 10. Tubular carcinoma, mammary gland, dog. Immunohistochemical membranous staining of stem cell factor receptor (c-KitR). Neoplastic cells are positive.


In veterinary medicine, there are only two approved targeted anti-c-Kit TKIs: toceranib (Palladia) and masitinib. Toceranib, designed and approved for mast cell tumors in dogs, acts mostly through the inhibition of the c-KitR, and it is a sister compound to sunitinib, which was later approved for human therapies (189). Toceranib appears to exert antitumor activity against a variety of dog cancers, including CMC, particularly in cases with pulmonary metastases (143). Toceranib also has anti-angiogenic effects, inhibiting VEGFR and PDGFR, and produces a significant decrease in regulatory T cells, which may increase immune surveillance (189). Toceranib has shown a discrete in vitro reduction in cell proliferation on canine mammary carcinoma cell lines (184).

The evaluation of toceranib in clinical trials with dogs with CMC is very limited. In a study with dogs presenting IMC, toceranib was given in combination with piroxicam (anti-COX-2) and thalidomide (an immunomodulatory and anti-angiogenic agent) (190), with or without hypofractionated radiation therapy. The authors found a significant improvement in the clinical benefit rate and overall survival time compared with historical palliative treatment. The response was better when radiotherapy was employed (85).

Masitinib is also a potent and selective inhibitor of the c-Kit receptor that has been recommended for its use in canine mast cell tumors (191). It also inhibits the PDGF receptor and the fibroblast growth factor receptor (FGFR-3). Masitinib has been studied in vitro as a “chemosensitizer” by enhancing the anti-proliferative effects of a cytotoxic drug, gemcitabine (192). There are no other studies on the treatment of CMC.

Although TKIs (in particular toceranib) are commonly used for CMC treatment, in the veterinary clinic, the evidence is merely anecdotal, and only the aforementioned studies, one in vitro (184) and two in vivo (85, 189), have been conducted. There is an urgent need for prospective randomized studies to adequately evaluate the effectiveness of toceranib in patients with CMC in c-Kit-positive or c-Kit-negative tumors.

Other tyrosine kinase inhibitors are under study. Palbociclib is an inhibitor of cyclin-dependent kinase 4 (CDK4) and CDK6, which are key regulators of the cell cycle machinery and, thus, cell proliferation (193). In women, palbociclib improves progression-free survival in ER+, HER-2– breast cancer when combined with an aromatase inhibitor (letrozole) or an ER downregulator (fulvestrant), so it received approval from the FDA and EMA (194). CDK6 has been consistently detected in CMT cells with no association to histotype or grade (64). In vitro studies with canine mammary cell lines have shown that palbociclib induces cell cycle arrest, prevents colony formation, and impairs cell migration activity (64). There are no clinical trials on dogs with CMC.




Antitumor Suppressor Gene p53

The tumor suppressor gene p53 plays a central role in tumorigenesis. The p53 protein, after tetramerization, inhibits cell proliferation, functioning as an initiator of cell cycle arrest and apoptosis. Mutations of p53 often cause a disruption of its tumor-suppressor function and induce genomic instabilities (195). Mutations in the p53 gene are associated with more than half of all human cancers and have been described in multiple cancers in dogs (196), including mammary tumors (197, 198). However, its expression and mutation status as prognostic factors in veterinary medicine are controversial: while some studies have found no correlation (199, 200), other authors have associated higher levels of p53 with poor overall survival (201, 202).

Mutation of the p53 gene can lead to a stable protein that is identifiable by immunohistochemistry (203), although a truncating mutation of the p53 gene can lead to an immunohistochemically undetectable protein (204). Therefore, four different patterns of p53 immunolabeling have been published: overexpression, complete absence, cytoplasmic staining, and wild-type staining. The first three patterns are related to an underlying p53 mutation, while the fourth pattern is primarily associated with no mutation (204, 205). Altered expressions of p53 may result from a direct mutation of p53 within tumor cells or from an altered localization of p53 by increased export of the protein from the nucleus, thereby decreasing its downstream targets and inhibiting apoptosis and cell cycle arrest (195).

Approximately 30% of HBCs have a p53 mutation, but this frequency is dependent on the molecular subtype, as the luminal subgroup has the lowest mutation rate and TNBC has the highest (up to 88%) (206). Additionally, p53 overexpression has been correlated with more aggressive HBCs and worst outcomes (207–209).

In CMC, malignant tumors have shown higher levels of p53 than benign tumors (210), and the increase of p53 is greater in higher-grade tumors with higher proliferation rates (211). Likewise, a significant correlation between increases in p53 expression and mutations with shorter OS has been found (212).

Since mutations in the p53 gene have an enormous impact on cancer development, great efforts are being made into the mechanisms that can counteract this effect and are brought together in several extensive reviews (213, 214) that compile different experimental approaches to target p53 in human cancer: inhibition of mutant p53 by promoting its protein degradation, restoration of the wildlife activity of mutant p53, and immune stimulation against p53 activity.

In contrast, there is only one study on p53 therapy in canine mammary cancer cells. Neoplastic cells can increase the cytoplasmic translocation of nuclear p53 by overexpressing exportin-1, thus preventing its binding to DNA and its anti-proliferative activities (215). The addition of KPT-185 and KPT-355, engineered molecules that inhibit exportin-1 on canine mammary carcinoma cells, in vitro induced cell cycle arrest, apoptosis, and reduced growth (216).



Anti-cyclooxygenases

Cyclooxygenases (COX) are a group of enzymes that catalyzes the conversion of arachidonic acid to prostanoids (prostaglandins, prostacyclins, and thromboxanes). In humans and animals, COX exist in three isoforms: COX-1, constitutively found in most cells, in charge of maintaining homeostasis, protection of the gastric mucosa, and regulation of platelet aggregation and renal blood flow; cyclooxygenase-2 (COX-2), an inducible isoform that is detected in neoplastic and normal cells induced through several stimuli (e.g., mitogens, growth factors, hormones, and pro-inflammatory cytokines); and COX-3, which is expressed mainly in the central nervous system and the aortic wall (217, 218).

Since 1897, with the development of aspirin, non-steroidal anti-inflammatory drugs (NSAIDs) have been developed as analgesic, antipyretic, anti-inflammatory, and anti-rheumatic treatment (219). However, a meta-analysis showed a remarkable preventive effect against colon cancer (220). Other studies found the same effects in different types of cancer, such as breast cancer (221). Nevertheless, the adverse effects of long-term use of NSAIDs were significant, mainly gastrointestinal bleeding, increased uric acid, and coagulation inhibition, among others (222). In an attempt to avoid these adverse effects and target specifically COX-2 for its participation in the neoplastic process, selective COX-2 inhibitors were designed and named as “coxibs.” Experimentally, both NSAIDs and coxibs have been shown to inhibit tumorigenesis by inhibiting cancer cell growth and proliferation, modulating apoptotic activity, reducing the metastatic and invasive potential of cells, and by inhibiting angiogenesis (223, 224).

Coxibs had been related in human medicine to thrombotic cardiovascular events, myocardial infarction, and stroke, especially in long-term use (225). Although subsequent meta-analysis revealed that the risk of cardiovascular events was not related to the usage of coxibs (226), the use of coxibs as adjuvants in the treatment of human cancer is an ongoing intense field of research, especially in combination with chemotherapeutic agents (227).

COX-2 is overexpressed in various canine epithelial malignant tumors, including ovarian carcinomas, prostate carcinomas, urothelial and transitional cell carcinomas, colorectal and small intestine tumors, squamous cell carcinomas, osteosarcoma, and melanoma (228).

Since 2003, COX-2 expression has been reported in both benign and malignant canine mammary tumors (229) (Figure 11). Cyclooxygenase-2 is overexpressed in 83–95% of the CMC in association with characteristics of aggressiveness, such as high histological and nuclear grades, mitotic index, and lymph node metastasis (230–232). COX-2 has an important role in the angiogenesis of CMC: its presence is correlated with MVD and EGFR and VEGF expressions (233). Interestingly, in canine IMC, which is characterized by exacerbated angiogenesis, lymphangiogenesis, and lymphangiotropism, COX-2 is associated with higher lymphatic proliferation index, VEGF-D (a lymphangiogenic factor), and its receptor VEGFR-3; in contrast, COX-2 is associated with VEGF-A in non-inflammatory mammary cancer (234), indicating a different role of COX-2 in the angiogenesis of IMC.
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FIGURE 11. Anaplastic carcinoma, mammary gland, dog, inflammatory carcinoma. Immunohistochemical cytoplasmic staining of cyclooxygenase-2 (COX-2). Neoplastic cells are positive with different intensities of immunolabeling.


Moreover, COX-2 also participates in the immunomodulation of the tumor microenvironment by promoting the M2 phenotype of macrophages, inhibiting antigen-presenting cells and reducing CD8+ T cells, all of which impair the antitumoral immune response (235).

The non-selective (anti-COX 1 and 2) NSAIDs meloxicam and piroxicam have been tested in vitro against CMC cells, which resulted in apoptosis induction, migration inhibition, and cell cycle arrest (236, 237). Additionally, piroxicam was utilized in a xenograft model of CMC, showing a tumor size reduction (238). Further, a small group of dogs with IMC were treated with piroxicam. The mean survival time was significantly longer in dogs treated with piroxicam compared to those treated with doxorubicin-based chemotherapy (239).

Due to the availability of COX-2 selective drugs in veterinary medicine (firocoxib, deracoxib, cimicoxib, robenacoxib, and mavacoxib), their effectiveness in CMC has been studied in cell lines, mice xenografts, and, in lesser extent, in clinical trials. Celecoxib and mavacoxib have been used in CMC cell lines, showing their cytotoxic activity, proliferation inhibition, apoptosis induction, and migration reduction, even in those cell lines with low COX-2 expression, suggesting their extraordinary therapeutic applicability in COX-2-positive or COX-2-negative CMC (217, 240, 241). Deracoxib has been proven alone or in combination with piroxicam, displaying a significant decrease in cell viability, achieving an arrest in cell cycle, and induction of apoptosis in CMC cell lines (237). Additionally, when combined with doxorubicin, a strong synergistic activity was seen, allowing to reduce the dose of doxorubicin in vitro (242). In CMT xenografted mice, deracoxib was given in comparison to piroxicam, although its effect was lower than piroxicam. Nevertheless, the authors did not evaluate the dose of deracoxib, thus concluding that mice could have been underdosed (238).

In a clinical trial, piroxicam showed an increased in OS compared to doxorubicin in 12 IMC-bearing dogs with COX-2-positive tumor cells (239). Likewise, in a case–control prospective study, firocoxib showed higher disease-free survival and overall survival compared to mitoxantrone in dogs with highly malignant CMT-expressing COX-2 (18).

As mentioned above, in the available clinical trials on the use of NSAIDs/coxibs in CMC, patients had COX-2-positive tumors. However, in vitro evidence has shown that anti-COX-2 therapy may be therapeutically useful regardless of the COX-2 expression status (217).

As a conclusion, the anti-COX-2 drugs approved for their use in veterinary medicine are being used in veterinary clinics as anti-inflammatory drugs, but also as an adjuvant in neoplastic patients, no matter the expression of the enzyme in the patients' tumors and, in many cases, the lack of proper clinical trials.



Epithelial–Mesenchymal Transition Inhibition: Cancer Stem Cells

Epithelial–mesenchymal transition (EMT) is a complex process in which epithelial cells lose their characteristics and acquire mesenchymal properties. It is essential in different embryonic stages and organ development, wound healing, and neoplastic infiltration and metastasis, cell motility, and invasiveness (243). By this process, epithelial cells undergo detachment and acquire the capacities of motility and invasiveness through the extracellular matrix to finally enter blood and lymphatic vessels and colonize different organs.

EMT is driven by the dysregulation of the adhesion molecules (mainly cadherins). Cadherins are calcium-dependent adhesion molecules responsible for cell-to-cell attachment and for maintenance of the normal structure and polarization of tissues. The most relevant are P-cadherin (placental cadherin), N-cadherin (neural cadherin), and E-cadherin (epithelial cadherin) (244). In normal human mammary tissue, E-cadherin is expressed in luminal epithelial cells, while P-cadherin is found in myoepithelial cells (245). In HBC, E-cadherin is known to be an inhibitor of metastasis, and its downregulation or inactivation leads to aggressive forms of breast cancer, EMT, lymphovascular invasion and metastasis (246, 247), as well as higher histological grade (248). Likewise, in CMC, reduction of E-cadherin expression has been related to large size and ulceration of mammary tumors (249), infiltrative growth, high histological grade, and lymph node metastasis (250–253), as well as shorter overall and disease-free survivals (254). EMT involves a range of transcription factors, including zinc finger E-box-binding homeobox 1 and 2 (ZEB1 and ZEB2), Snail, signal transducer and activator of transcription 3 (STAT3), and Twist, as well as transcriptional targets such as transforming growth factor-β (TGF-β), all of which suppress the expression of epithelial-associated molecules (E-cadherin and membranous β-catenin) and promote molecules associated with mesenchymal cell phenotypes (N-cadherin, cytoplasmic β-catenin, fibronectin, and vimentin) (255, 256). In CMC, Snail and ZEB2 have been proven to be related to E-cadherin downregulation in invasive micropapillary carcinomas (257, 258).

Not only EMT is required for successful metastatic colonization, but also cells that are capable of initiating tumorigenesis may undergo self-renewal and differentiate into various subsets of cells found in the primary tumor; these cells are called cancer stem cells (CSCs) (259). Molecular pathways that lead to EMT are markedly overlapping with those of CSC generation, allowing neoplastic epithelial cells to pass through the EMT and generate a population of CSCs (260). Additionally, CSCs are associated with therapeutic resistance (261).

Several reviews are centered on EMT as a source of metastasis, CSC generation, and therapy resistance in HBC (261–263). Likewise, studies on CMC have revealed a positive correlation between cells undergoing EMT and higher tumor grade and metastasis (264) and have identified ZEB1 and ZEB2 as potential therapeutic targets in CMT cells in vitro, intended to restore E-cadherin and inhibit EMT, although to date, there are no drugs targeting these molecules (265).

A number of attempts have been made for the therapeutic targeting of EMT and CSCs in HBC and CMC, which are presented below.

As aforementioned, melatonin is capable of disrupting estrogen-dependent cell signaling. In addition, in vitro studies on HBC and CMC cell lines have shown that melatonin is also able to reduce EMT through the degradation of β-catenin, an E-cadherin repressor (266), reducing cell migration, invasion, and CSC generation (267, 268). Significantly, the effect of melatonin is higher on ER+ CMC cells overexpressing melatonin receptors (269). In a more recent in vitro study, CMC cell lines treated with melatonin plus IL-25 significantly reduced cell viability, increased caspase-3-mediated apoptosis, and reduced pro-angiogenic VEGF-A (268).

Metformin, a commonly used drug in human medicine as oral treatment for type II diabetes, is being experimentally studied due to its anti-carcinogenic properties associated with the inhibition of the EMT process. Metformin has been shown to inhibit EMT in HBC cells by repressing the drivers of TGF-β (270). In vitro studies on CMC cell lines proved that metformin is able to induce cell cycle arrest and reduce cell migration and N-cadherin expression while increasing E-cadherin expression. The foreseen effect was ever more prominent when combined with silencing of TGF-β in the CMC cell line (271). In CMC xenografted mice treated with metformin, there was a significant decline in CSCs and reduction of lung metastasis and tumor growth (272–274). When combined with LY294002 (an inhibitor of the PI3K/AKT/mTOR pathway with anti-angiogenic properties), metformin showed a marked reduction in viability and tumor cell growth in vitro, while in CMC xenografted mice, both drugs decreased the tumor size and showed an important anti-angiogenic effect (reduction of VEGF-A expression and MVD) (275).

Cancer stem cells are also characterized by the presence of multidrug-resistant (MDR) adenosine triphosphate-binding cassette (ABC) transporter efflux pumps, influencing chemotherapy resistance in cancer due to their capacity to export a wide variety of cell substances (276). It has been seen that the Wnt/β-catenin pathway can upregulate the multidrug resistance protein 1 (MDR-1). Simvastatin (a lipid-lowering drug) has been studied in mammary oncology due to retrospective evidence of an improved OS and recurrence-free survival in HBC-bearing patients (277), and further in vitro analyses revealed an induction of apoptosis on HBC cell lines (278). In vitro studies using simvastatin on CMC cell lines showed that the expressions of MDR-1 and β-catenin were reduced, contributing to a chemosensitizing effect on CMC cells (279). Furthermore, when combined with doxorubicin, simvastatin exhibited a synergic cytotoxic effect on CMC cells (280). However, despite good in vitro results, discouraging large meta-analyses have found no significant benefit from the use of simvastatin in patients suffering from HBC (281–283).

Artemisinin, a derivate from the plant Artemisia annua, employed in Chinese traditional medicine, was discovered by Tu Youyou in 1972 for the treatment of malaria. By this discovery, Tu Youyou was co-recipient of the 2015 Nobel Prize in Medicine. Studies on HBC cells showed the in vitro suppression of N-cadherin, involved in EMT (284). Additionally, synthetic derivates of artemisinin (e.g., artesunate) are capable of inducing caspase-dependent apoptosis in HBC cells (285). The in vitro treatment of CMC cells with an artemisinin derivative (dihydroartemisinin, DHA) showed an inhibition of cell migration and invasiveness by downregulating the expression of EMT-related genes (Slug, ZEB1, ZEB2, and Twist) (286). In human medicine, a few phase I clinical trials have been conducted without significant adverse effects (287, 288), although a patient with HBC on artemisinin treatment showed toxic encephalopathy (289). Knowing the neurotoxicity of artemisinin in experimental animal models (290), a phase I clinical trial should be performed in domestic animals before giving any general recommendation on its use in veterinary patients.




IMMUNOTHERAPY AS A PROGRESSING TARGET

In human oncology, after decades of depleting the immune system of cancer patients with chemotherapy, the tendency is now to protect and increase the action of the immune system against cancer cells (291).

Cancer immunoediting is the process by which the immune system tries to destroy neoplastic cells and is composed of three steps: elimination, equilibrium, and escape (292). In the first step, the host's immune system responds to the newly formed tumor and removes it prior to any clinical evidence. If some resistant clones of the tumor are present, they survive and remain inactive in the second stage, the equilibrium. In the escape or evasion stage, tumor cells improve their ability to evade the immune system, eventually leading to clinical manifestation (293). Some of the evasion mechanisms are as follows: decreased or absent expression of major histocompatibility complex (MHC) molecules, activation of immunoregulatory pathways (immune checkpoints) such as the inhibitory molecule CTLA-4 (cytotoxic T lymphocyte antigen 4), upregulation of PD-L1 (programmed death ligand 1) that binds to the PD-1 receptor on T lymphocytes and represses their function, secretion of immunosuppressive factors such as TGF-β, interleukin-10, and VEGF, as well as induction of regulatory T cells (294). Although many of these mechanisms are already known, the true interplay between the pathways, and the interaction between tumor cells and the immune system and microenvironment, is still largely unknown.

Some mAbs that target specific molecules that intervene in a signaling pathway (e.g., anti-HER-2) have been mentioned in this review. In this section, we will discuss an intriguing class of antibodies designed to modulate the immune response and the use of vaccines, including cellular immunotherapy and DNA vaccines. Cellular immunotherapy, in particular hybrid cell vaccines, are based on cells generated by fusing antigen-presenting cells (i.e., dendritic cells) with the tumor cells of the recipient, intending to present to the immune system the whole tumor-associated antigens and activate an immune response (295). DNA vaccines are based on the introduction of one or more genes (e.g., tumor antigen, cytokines, etc.) into plasmids that are delivered into the patient with the subsequent expression of the introduced gene (296). Finally, the role of oncolytic viruses, which show selective cytotoxicity toward cancer cells and may favor the restoration of the anticancer immune function, will be reviewed (297).

The most successful human immunotherapies to date include mAbs against lymphoma antigens (i.e., CD20—rituximab) as well as mAbs against immune checkpoint molecules such as PD-1 (i.e., pembrolizumab, atezolizumab, and nivolumab) and CTLA-4 (i.e., tremelimumab and ipilimumab), which are able to release the cytotoxic activity of T lymphocytes and activate other immune responses such as antigen presentation and cytokine production (298). Besides targeting immune checkpoint molecules, other immunotherapies are being developed, such as tumor-specific cytotoxic immune cells and cytokines. However, although some cancers, such as melanoma and lymphoma, respond well to immunotherapy, other solid tumors still have weak responses (299).

Cancer cell lines and mouse models, including transgenic mice and patient-derived xenografts, have been extremely useful in the study of human cancer, yielding valuable insights into cancer biology, genetics, and biochemistry (300). However, they have limitations and lack essential features inherent only to spontaneous cancers, like an intact complex immune system (301, 302). Because normal immunocompetent mice reject human tumor grafts, there are no preclinical experimental models to investigate immunotherapy for cancer patient tumors. Canine patients with CMC have been used as an intermediate model in several clinical trials with novel immunotherapy (303).

Several clinical trials have revealed relevant information regarding canine cancer immunotherapy in osteosarcoma, lymphoma, melanoma, meningioma, bladder cancer, soft tissue sarcoma, and hemangiosarcoma using multiple immunotherapeutic approaches (DNA vaccines, cellular immunotherapy, mAbs, bacteria, etc.) (303–310), which are out of the scope of this review.


Antibody Immunotherapy

Even though HBC is not considered a highly immunogenic cancer, immunotherapeutic strategies are being successfully tested especially against TNBC (311). Proof of this is that the FDA approved an immunotherapy for advanced PD-L1+ TNBC, atezolizumab (anti-PD-1 mAB), in combination with paclitaxel (312). Another anti-PD-L1 mAb, pembrolizumab, has also been shown to improve the progression-free survival in PD-1+ TNBC when combined with paclitaxel, gemcitabine, carboplatin, or eribulin (313, 314). Although PD-1 has been detected in CMTs (315, 316), no attempt has been made to use anti-PD-1 or anti-PD-L1 mAbs against CMC, perhaps due to cost restrictions. The only published clinical trial with mAbs against CMC (including IMC) used the mouse monoclonal antibody BR96, which recognizes a specific antigen (Lewisy-related carbohydrate, Ley) expressed in several solid tumors and gastrointestinal epithelium, conjugated with a truncated, non-binding derivate of Pseudomonas exotoxin A. Stable disease or partial response was achieved in IMC cases, as well as neutralizing antibodies (317). In addition to this, in 2014, a canine anti-EGFR-1 mAb was developed, but it never reached the clinical or preclinical level (151).



Cellular Immunotherapy

Cellular immunotherapy is an emerging field of research in which immune cells are extracted, modified, and reinfused into the patient (318). In HBC, two main types of cellular immunotherapy have been studied: adoptive cell therapy (ACT, based on T lymphocytes) and dendritic cell therapy (319). ACT is based on the isolation of T lymphocytes in the resected tumor, in vitro expansion or modification, and subsequent reinfusion (318). Few information on HBC are available to date. Direct T lymphocyte reinfusion in combination with pembrolizumab led to a complete durable regression in a patient with chemotherapy-refractory HBC (320). Chimeric antigen receptor (CAR) T cell therapy is a type of modification where the receptor is engineered to target a specific antigen and combine antigen-binding and T cell-activating functions, hence recognizing antigens in the absence of the presentation by the MHC (321). To date, only preclinical studies have been published using HER-2, mucin 1 cell surface associated (MUC-1), mesothelin (MSLN), epithelial cell adhesion molecule (EPCAM), and carcinoembryonic antigen (CEA) as targets (322). On the other hand, in dendritic cell therapy, the cells are isolated and combined with tumor antigens before reinfusion into the patient (319). Despite clinical settings being currently limited to phase I/II human trials, preclinical studies on HER-2-loaded and cyclin D1-loaded dendritic cell vaccines have been shown to significantly inhibit the HBC xenografted tumor growth in mice (323). Recently, autologous hybrid-cell vaccines were produced for a clinical trial in CMC as an intermediate model for HBC. The therapy was combined with immunostimulatory oligonucleotides and gemcitabine and achieved 3.3 times longer median survival times than the control group, except for the case of IMC, which only resulted in a median of 42 days (324).



DNA Vaccines

DNA, or gene-based, vaccines are intended to deliver functional genes to the target cells for the expression of functional proteins (325). Since naked DNA is readily accessible for endonucleases, the DNA needs an effective and safe delivery method, which can be biological (e.g., viruses and bacteria) or non-biological (e.g., physical methods such as electroporation or chemical methods such as nanoparticles) (326). In HBC, different delivery methods have been tested to transport tumoral antigens, such as HER-2, p53, MUC1, Twist, and mammaglobin-1, as well as immunostimulatory molecules such as IL-6 and IL-12 (326, 327).

Since the intravenous administration of IL-12 has been associated with grave toxicity in humans (328), a clinical trial using nine dogs, one of them with a mammary tumor, used intratumoral IL-12 (plasmid DNA by electroporation) as an immunostimulatory cytokine. Despite transient increases in serum and tumor IL-12 and IFN-⋎, no clinically relevant outcome benefits were seen (329). Similarly to this, recombinant viral vaccines, based on replication-defective recombinant adenoviruses, have been proven to be safe and to induce strong antibody and cellular antigen-specific immune responses in non-human primates (330). A study evaluated the ability of DNA electroporation and a recombinant adenovirus serotype 6, both expressing telomerase reverse transcriptase (overexpressed in tumor cells, while low to absent in normal cells) and HER-2, to induce immune responses in healthy dogs against these proteins. A detectable and long-standing cellular and humoral immune response was detected in the absence of side effects or autoimmunity (331).

An anticancer DNA vaccine based on p62 (a protein involved in selective macroautophagy that is dispensable for most tissues, but essential for the development and survival of tumors) was utilized in CMC xenografted mice and dogs bearing mammary carcinomas. The intramuscular administration of the p62 DNA vaccine achieved a partial response or stable disease in the absence of noteworthy secondary effects. Antitumoral activity was related to lymphocyte infiltration, particularly T lymphocytes, and tumor encapsulation via fibrosis (332, 333).

Another clinical trial with dogs presenting CMC utilized nanoparticles carrying DNA plasmids coding canine interferon-β and herpes simplex virus (HSV) thymidine kinase (a suicide gene), which were injected into the tumor bed during mastectomy; afterwards, subcutaneous injections of the nanoparticles associated with a human granulocyte–macrophage colony-stimulating factor and interleukin-2, mixed with allogeneic mammary carcinoma extracts, were periodically administered. The therapy was well-tolerated; only one out of 26 patients had recurrence and none displayed distant metastasis, and overall survival was also improved (334).



Oncolytic Viruses

Oncolytic viruses show selective cytotoxicity toward cancer cells and may favor the restoration of immune anticancer function (297). Clinical trials with oncolytic viruses are currently ongoing in humans, and two viruses have been approved for commercial use. The first, H101 or Oncorine®, is an adenoviral construct with an E1B deletion (in order to avoid replication in normal cells), approved in China in 2005 for the treatment of head-and-neck squamous cell carcinoma (335). The second, T-VEC or ImlygicTM, is an engineered herpes simplex virus type I (HSV-1) that expresses the human granulocyte–monocyte colony-stimulating factor as an immune stimulant, approved in 2015 by the United States FDA for the local treatment of unresectable cutaneous, subcutaneous, and nodal lesions in patients with recurrent melanoma after initial surgery (336). In veterinary medicine, a number of viruses with natural oncolytic capacity, as well as engineered viruses, are being studied for several neoplasms (337, 337–349). Among them are morbillivirus, poxvirus, and reovirus.


Oncolytic Morbillivirus

In human medicine, the measles virus has demonstrated an oncolytic potential since anecdotical reports describing the regression of hematopoietic neoplasms after natural infection with measles virus (350). In HBC, the measles virus has shown a strong cytolytic effect in cancer cell lines in vitro (351–354). Additionally, attenuated measles virus has been proven to overcome chemoresistance in HBC cells. Several studies in mice, however, showed that viral replication also existed in the organs and cells of infected mice and not only in the targeted tumor cells (355–357). Therefore, some modifications have been done to the viral strains. For instance, a recombinant measles virus strain was created by eliminating its ability to bind to the signaling lymphocyte activation molecule (SLAM), a major receptor used by the wild-type virus to infect immune cells in naturally occurring infections. Cancer cells do not express SLAM molecules, but the measles virus is able to use the Nectin-4 receptor to bind and infect the cell (351). Interestingly, Nectin-4 expression has been found in HBC cells (358) and in 45% of CMT tissue samples and in CMC cell lines. Recombinant measles virus strain exerts cytotoxic effects in Nectin-4-expressing CMC cell lines. In Nectin-4-expressing CMC xenografted mice, this oncolytic therapy showed significant suppression of tumor growth without any noticeable adverse effect (340).

Canine distemper virus (CDV) has been shown to induce apoptosis in the cerebellum and lymphoid tissue of naturally infected dogs through the extrinsic pathway, activating caspase-8 and caspase-3 (359, 360). Therefore, this morbillivirus is considered to be a candidate for potential treatment in canine malignancies. An attenuated strain of CDV showed a substantial oncolytic effect in CMC cells both in vitro and in xenografted mice, without significant adverse events, by inducing apoptosis through the same pathways as natural infection (extrinsic pathway) with participation of nuclear factor kappa light-chain enhancer of activated B cells (NF-κB) (346, 361).



Oncolytic Poxvirus

Several studies on the use of multiple strains of vaccinia virus (362–366) have demonstrated the in vitro and preclinical effects against HBC, which have led to a randomized phase III clinical trial in patients with metastatic HBC in which the use of a poxviral vaccine in combination with docetaxel resulted in an increase in progression-free survival (367).

Two oncolytic strains of vaccinia virus (strain GLV-1h68 and strain GLV-5b451 expressing GLAF-2, an antibody against VEGF) have been tested against CMC cells in vitro or in xenografted mice, resulting in efficient infection and lysis of cells in vitro while achieving significant tumor growth inhibition in vivo with strong inflammatory and oncolytic-associated effects (368, 369) and a reduction of MVD in the tumors treated with strain GLV-5b451 (337).

An attenuated form of Myxoma virus lacking the serp2 gene (an anti-apoptotic virulence factor) was used to evaluate its oncolytic activity in canine mammary cancer cells and showed severe cytopathic effects and adequate viral replication (370).



Oncolytic Reovirus

The oncolytic virus pelareorep (REOLYSIN®) is a non-modified serotype 3 reovirus strain that has shown antitumor activity in clinical and preclinical models, especially in pancreatic cancer, and currently is being tested in clinical trials to assess its efficacy as an oncolytic agent against several cancers. In HBC cells, REOLYSIN® infection in the presence of DNA-damaging agents enhances infection and triple-negative breast cancer cell killing by the reovirus (371).

REOLYSIN® was tested in CMC cells in vitro and in xenografted mice, demonstrating significant cell death via caspase-3-mediated apoptosis (338). When combining this oncolytic therapy with low doses of paclitaxel, carboplatin, gemcitabine, or toceranib, its activity was enhanced with all the therapeutic agents, except toceranib (341). A series of cases of dogs with various malignancies, which included two cases of CMC (one IMC and one non-IMC), were treated with intratumoral or intravenous REOLYSIN®. Less than 50% of the dogs presented grade I or II adverse effects, which included vomiting, diarrhea, and inflammation of the injected tumor. Dogs did not shed virus and had elevated neutralizing antibodies. No specific information about the antitumoral response in CMC patients was provided (341, 345).





OTHER ADJUVANT THERAPIES


Nanotechnology

Nanotechnology has been evolving rapidly in recent years, providing new therapeutic tools for several diseases. Nanoparticles are defined as particles below 100 nm of dimension, although their surface is generally large enough to bind and carry therapeutic compounds (372). Nanoparticles have been proposed as drug carriers in cancer treatment since they can increase drug accumulation in target tissues, optimizing the therapeutic effect (373).

Several nanoparticle-based delivery platforms have been approved by the US FDA, and two nano-based drugs are already in the market for HBC—Doxil® (doxorubicin-loaded nanoparticles) and Abraxane® (albumin-bound paclitaxel-loaded nanoparticles)—whose coating evades the immune system, allowing a precise targeting delivery (374). Additionally, several clinical trials with HBC patients are currently under study using these delivery platforms to carry doxorubicin, paclitaxel, cisplatin, irinotecan, annamycin (synthetic derivate of doxorubicin), and docetaxel (375–379).

In dogs, doxorubicin is a commonly used chemotherapeutic for CMC. However, its toxicity is dose-limiting, reducing treatment efficacy (58). Aldoxorubicin (a prodoxorubicin bound to albumin, which is cleaved from the drug in the acidic tumor microenvironment) (380) was constructed into nanofiber peptides and administered parenterally to xenografted mice bearing HBC, reducing primary tumor burden and lung metastasis as well as improving survival (381). This was also tested in canine mammary tumor cells in vitro, showing an excellent anti-proliferative effect at lower doses than free aldoxorubicin or doxorubicin (382).

Gold nanoparticles, associated with other minerals, have been used in human oncology as an aid in diagnostic methods (due to the molecular weight of gold, it captures many x-rays) and as support in thermo- and phototherapy (383). However, direct in vitro toxicity has been seen against human colorectal, hepatocellular, and mammary carcinoma cell lines (384). Two metal compounds, Co(III) and Zn(III), that have previously shown remarkable anti-proliferative activity against human colorectal carcinoma cells, hepatocellular carcinoma cells, and breast carcinoma cells were loaded onto 14-nm gold nanoparticles. These metal compounds demonstrated to efficiently lyse CMC cells in vitro; moreover, when loaded onto nanoparticles, the effect was even stronger at lower doses (385).



Herbal Medicine

Herbal medicine has long been administered to treat malignancies in Asian countries (386). While 86.4% of HBC patients with Asian background tend to use herbal medicine, the figures in the Western world, although significantly lower, are continually increasing (387). Over the years, numerous herbal compounds with anticancer activities, such as proliferation inhibition, apoptosis induction, anti-angiogenic, and anti-metastatic, have been identified. The most common natural products are curcumin, berberine, artemisinins, ginsenoides, ursolic acid, silibinin, emodin, triptolide, cucurbitacins, tanshinones, ordonin, shikonin, gambogic acid (GA), artesunate, wogonin, β-elemene, and cepharanthine (388).

Few phytochemicals have been studied in veterinary oncology. The following are those related to CMC.

Curcumin is a phytochemical isolated from the rhizome of turmeric (Curcuma longa), used in traditional medicine in India and China for a long time (389). In vitro studies have demonstrated its anti-proliferative, pro-apoptotic, anti-angiogenic, and chemosensitizing activities against several tumor types, including breast cancer cells (390–396). In veterinary medicine, curcumin and carnosic acid, derived from rosemary leaf extract, were used alone or in combination on mastocytoma, osteosarcoma, and CMC cell lines and resulted in caspase 3 and 7 activation and apoptosis, with a potent synergistic effect when used in combination (397). A major limitation of curcumin is its low absorption (< 1% of orally administered curcumin will be absorbed) (398). Therefore, a liposome-encapsulated curcumin formulation that enables intravenous delivery was developed and tested on canine cancer cells such as CMC, melanoma, and osteosarcoma cell lines, as well as endothelial cells. Cell proliferation was effectively inhibited with the treatment; likewise, the viability, migration, and tube formation of endothelial cells were suppressed. In the same study, a pilot clinical trial was conducted with cancer-bearing dogs (CMC, pulmonary carcinoma, thyroid carcinoma, chest wall sarcoma, osteosarcoma, and malignant melanoma), achieving stable disease in ~60% of dogs (399). Finally, a combination of curcumin and paclitaxel was loaded into silica nanoparticles and delivered into CMC cell lines, manifesting a clear and persistent cytotoxic effect (400, 401).

The edible wild ginger Zingiber zerumbet contains several phytochemicals with healing properties; zerumbone is one of the most important due to its antitumor, anti-inflammatory, antioxidant, antimicrobial, antinociceptive, hepatoprotective, and immunomodulatory activities (402). However, its poor absorption and bioavailability are the main issues for its therapeutic application (403). Therefore, nanostructured lipid carriers loaded with zerumbone have been used as an apoptogenic agent in several neoplastic human and canine cell lines, including CMC. The effect was attributable to increases in caspase-8, caspase-9, caspase-3, and caspase-7 (404).

The last one of the herbal compounds that have been used for canine mammary tumors is berberine, an isoquinolone alkaloid of the plant Berberis vulgaris L. that inhibited the proliferation of CMC cells in vitro (405).



Old Drugs as New Therapies

Ivermectin is a well-known anti-parasitic agent used to treat a variety of canine parasitic infestations. The mechanism of action of ivermectin in parasites is due to blockade of the parasite chloride channel (406). Currently, ivermectin has been linked to a potential anticancer effect in different tumor types, including breast cancer (407). In vitro studies using ivermectin in CMC cell lines, and further in xenografted mice, effectively inhibited cell growth in a dose- and time-dependent manner. The effects were associated with cell cycle arrest via the downregulation of CDK4 and cyclin D1 expressions and reduced WNT/β-catenin signaling (408).

Selenium possesses different anti-neoplastic mechanisms: promotion of cell apoptosis, anti-angiogenesis, and immune system regulation. Also, its antioxidant effect may reduce the toxicity of conventional chemotherapeutics if used in combination (409). Different selenium compounds (sodium selenite, methylseleninic acid, and methylselenocysteine) showed in vitro anti-proliferative effects on CMC that were even greater when combined with cyclophosphamide. An increase of apoptosis, downregulation of pro-angiogenic VEGFA, angiopoietin-2, and hypoxia-inducible factor-1 alpha, and upregulation of the anti-angiogenic and anti-proliferative phosphatase and tensin homolog (PTEN) were the major features (409). In further CMC xenografted mouse models, the different selenium compounds significantly inhibited tumor growth, generated large necrotic areas, and reduced the MVD compared to the untreated control. This in vivo study also found a reduction in pro-angiogenic factors (VEGFA, PDGF, and angiopoietin-2) (410).

Salinomycin is an ionophore antibiotic isolated from Streptomyces albus, which is widely used in farm animals as an anticoccidial drug (411). Several studies with HBC cell lines demonstrated that salinomycin inhibits in vitro growth by inducing apoptosis and selectively targeting CSC (412–419). Likewise, salinomycin was found to have a profound effect in CMC cell lines by selectively depleting canine mammary CSC and inhibiting the Wnt/β-catenin signaling pathway (preventing cell invasion and migration) (420, 421).




DISCUSSION

A total of 71 studies focused on adjuvant therapies in CMTs, not including those related to surgery or conventional chemotherapy, were analyzed in this review. The majority of those studies were performed in vitro (49 studies); 15 used xenografted mice to study CMC (in total, 15 papers of mouse models of CMTs). Only six of those investigations done with CMC cells in vitro or in mouse models, have reached the clinical setting (138, 143, 239, 332, 333, 341, 345, 399).

Setting clinical studies of conventional chemotherapy aside, to date, 18 clinical trials have been conducted in dogs with CMC, and a third of them are new immunotherapies, which demonstrate the usefulness of spontaneous CMC as a natural model for the study of HBC in a natural model with a complete immune system. They are also a reflection of the current state of cancer research and the important trend to stimulate the immune system against cancer cells (291). In spite of the relevance of such investigations in dogs, the number of patients recruited in them is very low to obtain conclusive and extrapolative results: five of the 18 clinical studies were done with less than eight dogs with mammary cancer; four of them with less than three dogs. In addition, two more studies were executed in non-tumor-bearing dogs. As a main conclusion, larger prospective randomized studies are needed to provide a strong level of evidence that allows a widespread use of some of these new approaches. Considering that CMTs are the most common malignancy in dogs and the low rate of success of routine adjuvant therapies (i.e., conventional chemotherapy), these clinical trials seem to not be enough. Significantly greater effort must be made to generate knowledge and develop canine-specific targeted therapies. There is a great need for well-planned large prospective randomized clinical trials in dogs with CMC to obtain valid results for both species, humans and dogs, on the use of new therapies.

Following the One Health concept, human and veterinary oncology will have to join forces to take advantage of both the economic and technological resources that are invested in HBC research, together with the innumerable advantages of dogs with CMC as a spontaneous animal model.
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Mammary tumors are the most prevalent neoplasms in non-neutered female dogs, with genetic and epigenetic alterations contributing to canine mammary carcinogenesis. This study quantified global DNA methylation in 5-methylcytosine (5mC)-immunostained canine mammary tumor samples and established histopathological and clinical correlations. A total of 91 formalin-fixed paraffin-embedded mammary tumor samples from female dogs were retrospectively selected and subjected to immunohistochemistry using an anti-5mC mouse monoclonal antibody. We evaluated 5mC+ stained nuclei of neoplastic epithelial cells in canine mammary glands to obtain semiquantitative histoscores based on staining intensity. Survival rates were estimated based on owners' or veterinary records. Histological samples comprised 28 and 63 benign and malignant canine mammary gland tumors, respectively. Results revealed significant differences between global DNA methylation patterns when mammary samples were categorized as benign or malignant (p = 0.024), with hypomethylated patterns more prevalent in malignant tumors and those with higher relapse behavior (p = 0.011). Of note, large diameter (>5 cm) tumors revealed a lower methylation pattern (p = 0.028). Additionally, we found non-statistically significant differences when tumors were grouped by histopathological characteristics, clinical parameters, or survival. These findings propose global DNA methylation assessment as a promising tool for detecting canine mammary tumors with relapse propensity.
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INTRODUCTION

Mammary tumors are the most prevalent neoplasm in non-neutered female dogs (1) representing ~50% of tumor diagnoses (2). The risk of developing mammary tumors is associated with hormone levels, breed susceptibility, age, diet, and obesity (3). Although numerous studies investigated genetic alterations in canine mammary cancers (4), including underlying molecular signatures (5), few studies have investigated epigenetic alterations in these tumors (6, 7). Moreover, to the best of our knowledge, none of the former studies have evaluated the global DNA methylation status.

Cancer development is strongly associated with specific genetic alterations. While epigenetic changes (including DNA methylation, histone modification, and microRNA expression) are independent of hereditary patterns or gene mutations, these changes are also critical to neoplastic initiation and progression. Indeed, several different epigenetic changes have been identified that contribute to the development and maintenance of the neoplastic phenotype (8, 9). In the mammalian genome, methylation occurs at cytosine bases located at the 5′ end of guanine bases, promoting the formation of CpG dinucleotide islands. These CpG dinucleotide islands play a central role in transcriptional repression (when most CpG dinucleotides in an island are methylated). Thus, methylation and demethylation (catalyzed by methyltransferases and demethylases, respectively) are central to transcriptional regulation (9–11). Oncogene activation and inactivation of tumor suppressor genes represent critical steps at every tumorigenesis stage. Furthermore, DNA methylation is central to transcriptional repression once the majority of CpG dinucleotides in the mammalian genome are methylated, except for CG-dense regions located around transcriptional start sites, known as CpG islands. Thus, methylation, which occurs at cytosine bases (C), located 5′ to guanine (G) bases to form CpG dinucleotide islands, can be affected by loss or gain of DNA methyltransferases or demethylases. From an epigenetic standpoint, global DNA hypomethylation can result in overexpression of growth factors, alterations in DNA repair enzymes, and/or loss of genomic stability. Its counterpart, aberrant hypermethylation, can silence tumor suppressor gene promoter regions. These are both well-established mechanisms through which cancer cells may acquire critical features on their pathway to transformation (9–12). In addition, like genetic mutations, epigenetic alterations can be mitotically inherited, resulting in a rapidly growing cancer cell population by conferring advantages to tumor cells, resulting in uncontrolled growth (13, 14).

Global DNA methylation can be studied using several methods, including methylation-sensitive restriction endonucleases followed by analysis of the obtained fragments, and hydrolysis of genomic DNA followed by specific detection and quantification of 5-methylcytosine (5mC) content (15). However, these techniques require DNA extraction and are not compatible with the simple observation of cells and neoplastic tissues. Therefore, an immunochemical approach using monoclonal antibodies that recognize a methyl group on carbon number 5 of cytidine (anti-5mC antibodies) may be more suitable for investigating in situ DNA methylation. Moreover, this method allows computer-assisted quantification of global methylation to be performed on interphase nuclei in several cell types and on a cell-by-cell basis using microscopy (16). Piyathilake et al. (17) used a radiolabeled methyl incorporation assay and immunohistochemistry to assess global DNA methylation in squamous cell carcinoma in the human lung and highlighted the advantages of the latter technique, which was superior in demonstrating statistically significant differences between tumor and healthy tissues. More recently, using anti-5mC antibodies to analyze the bone marrow biopsies of patients with myelodysplastic syndrome (in which DNA methylation plays a pathogenic role), researchers have shown this immunohistochemistry assay to be a cost-effective and powerful tool for the prediction of overall survival (18).

As mammary tumors are morphologically complex, with the involvement of numerous patterns and cell types, using an immunohistochemical method associated with microscopic quantification appears more appropriate for evaluating global DNA methylation in these samples. Furthermore, we have previously used this method to evaluate global DNA methylation status in mast cell tumors (19) and lymphomas (20). Therefore, in the present study, we evaluated global DNA methylation in canine mammary gland tumors using immunohistochemistry and correlated our findings with tumor diagnosis and clinical outcomes.



MATERIALS AND METHODS


Case Origin and Data Collection

The study protocol was approved by the Committee on Ethics on the Use of Animals from the School of Veterinary Medicine and Animal Science of the University of São Paulo (No. 1823251013/2014) and by the Human Ethical Committee of Santos Metropolitan University (No. CAAE 10105019.2.0000.5509). Canine mammary tumors were retrieved from the archives of the Veterinary School of the Santos Metropolitan University, UNIMES (Santos, Brazil). The samples were originally obtained from canine females undergoing therapeutic mastectomy over 5 years. A total of 91 formalin-fixed paraffin-embedded (FFPE) mammary gland tumor samples from female dogs were retrospectively included in the study.



Inclusion Criteria

Patients were eligible for this retrospective study when their records included a histologic diagnosis of benign neoplastic mammary lesions or malignant neoplastic mammary lesions. The inclusion criteria were as follows: (1) a minimum follow-up period of 18 months (follow-up intervals of 30, 90, 180, 360, and 540 days after mastectomy, including reexamination and thoracic radiographs); and (2) no previous history of mastectomy and/or history of neoadjuvant chemotherapy. The clinical-stage was obtained according to the World Health Organization TNM classification (21). Distant metastasis was investigated by three-way thoracic radiography and abdominal ultrasound. Lymph node involvement was determined by cytologic and histologic examinations.



Tissue Processing for Histological Grade Determination and Immunohistochemistry

FFPE mammary tissue fragments were sliced into 5 μm-thick sections, mounted on glass slides, and stained with hematoxylin and eosin for classification according to the histological type. The diagnosis was conducted by three different pathologists (LRB, LBG, and an external private pathology laboratory) based on previously defined classification criteria (21), and histological grading was based on previously described criteria (22, 23).

Immunohistochemistry to detect 5mC involved dewaxing silanized slides containing 5 μm-thick tumor slices using xylene and progressive dehydration in alcohol. Antigen retrieval was performed with citrate buffer (pH 6.0) in a microwave oven at 97°C for 15 min, after which endogenous peroxidases were inactivated with 30% oxygen peroxide in methanol. The slides were then incubated with a primary antibody (ab10805 anti-methylcytosine (5-mC) antibody [33dD3] Abcam, Cambridge, UK) diluted 1:150 and kept at 4°C overnight. After rinsing, the slides were incubated with secondary antibody (LSAB Kit + System-HRP; K0679; DakoCytomation, Glostrup, Denmark) at room temperature (25°C) for 30 min. Samples were stained with a diaminobenzidine chromogen (Dako Corp., Carpinteria, CA, USA) and counterstained with hematoxylin. Between each step, slides were rinsed three times with 1 × phosphate-buffered saline (PBS) or 1 × PBS with Tween 20 (Dako Corp.), according to the manufacturer's instructions. Validated positive tissues (canine mast cell tumor and lymphma) obtained from previous studies performed in our laboratory were used as controls in order to check the quality of the antibody batch in use. Negative controls were obtained by replacing the primary antibody with a control match-isotype antibody (IgG1).



Data Acquisition and Histoscore (H-Score) Quantification

Immunohistochemical sections were evaluated under an optical microscope (NIKON, Tokyo, Japan) over 10 high-power fields, with the images recorded using the Image-Pro Plus system (v.4.5.0.29; Media Cybernetics, Rockville, MD, USA). The goal was to achieve a minimum of 500 cells/tumor, as per previously described methods (16), and tumors with <300 cells were excluded (in summary, 15 samples had more than 300 cells and <400; 10 samples had more than 400 cells and <500 and 66 samples had between 500 and 1,475 cells). Mammary gland epithelial cells were considered 5mC+ if they presented nuclei with dark brown/gold coloration after nuclear staining. Slides were evaluated by two different examiners (LRB and PPCC), and the final score was determined based on the average of the counts. As there is no standardization for 5mC immunoreactivity for canine mammary tumors, quantification of immunohistochemistry results was based on the H-score, a semiquantitative method accepted by the American Society of Clinical Oncology (24). Nuclear staining intensity was first classified as 0 (no staining), 1+ (light staining), 2+ (intermediate staining), or 3+ (strong staining), for each cell in a fixed field, and the H-score was then obtained as [1 × (% cells 1+) + 2 × (% cells 2+) + 3 × (% cells 3+)] in a range from 0 to 300 (25). This study considered only epithelial cells for methylation patterns, in line with most recent global DNA methylation studies.



Survival Analyses

For survival and other statistical analyses, scores were converted into two categorical variables (methylated or hypomethylated) either above or below (respectively) a cut-off value of 117.7 (e.g., borderline tumor value: 124.6094 = methylated), as obtained through receiver operating characteristic (ROC) curve analyzes, as per previously described methods (18). The variables under analysis were the methylation score and classification variable (death by mammary gland tumor), as shown in Figure 1.


[image: Figure 1]
FIGURE 1. H-score, according to ROC analysis. Variables under analysis were the methylation score and the classification variable (death by mammary gland tumor). Cut-off value: <117.7. Sensitivity and specificity were determined as 89.5 and 37.5, respectively, with an area under the ROC curve of 0.611 (p = 0.101; n = 63).


Although prognosis was beyond the scope of this work, information concerning the survival rate was obtained via telephone conversation with animal owners or from medical records. The overall survival time was calculated from the date of mastectomy to the date of patient death. The Kaplan–Meier method was used to calculate overall survival time, and the log-rank test was used to identify factors associated with post-mastectomy survival. Live animals, mammary gland tumor-unrelated deaths, or missing animals due to lack of follow-up were removed for statistical purposes.

Other statistical analyzes included a normality test (Kolmogorov-Smirnov), unpaired t-test, and one-way analysis of variance (ANOVA). All analyzes were conducted using MedCalc® software (v.19.6.1), and a p < 0.05 was considered statistically significant.




RESULTS

Canine mammary gland tissue was obtained from 91 females of different breeds (average age at the time of surgery: 9.2 ± 2.6 years). Of these animals, 16 had been previously neutered, 6 were histopathologically diagnosed with a neoplastic invasion of inguinal or axillary lymph nodes, and 1 received a lung metastasis diagnosis upon radiographic examination during the follow-up.

Histologic diagnosis comprised 28 benign tumors (accounting for 30.8% of all tumors) and 63 malignant tumors (accounting for 69.2% of the tumors in the studied population). Of the malignant tumors, 52.4% (n = 33/63) were classified as grade I, 30.2% (n = 18/63) as grade II, and 17.5% (n = 12/63) as grade III. Two animals had clinical and histopathologic diagnoses consistent with inflammatory carcinoma with marked vasculogenic skin invasion. Table 1 summarizes the distribution of tumors according to the histologic diagnosis and grade.


Table 1. Neoplastic lesions distribution by histological type and grade.
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All animals underwent a full or partial mastectomy, and 23 showed disease relapses, including 13 with a new presentation of neoplastic disease in the remaining glands during follow-up, 10 of which had a recurrence in the surgical scar. Overall, 15 animals were alive, 27 animals had missed their follow-up appointments, and 49 animals succumbed. Among the deaths, 17 were attributed to mammary gland tumors, and the remaining were attributed to other causes, such as natural aging, heart or kidney failure, or euthanasia due to other tumor types or conditions.

Figure 2 shows 5mC immunohistochemical staining of neoplastic mammary glands. Evaluation of 5mC immunoreactivity as a continuous variable revealed statistically significant differences that allowed the grouping of tumors as benign or malignant, with the latter being less methylated (Figure 3).


[image: Figure 2]
FIGURE 2. 5mC immunohistochemistry. (A) Strong staining is characterized by intense dark brown color in a sample representing nipple ductal adenoma. (B) Moderate staining in a sample representing carcinoma in a simple tubular adenoma. (C) Weak staining with characteristic vacuolated nuclei in a sample with solid carcinoma. (D) A lack of staining in a sample representing comedocarcinoma.
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FIGURE 3. Scoring of methylation patterns according to 5mC immunohistochemistry. Tumors were grouped as benign (mean = 112.8; n = 28) or malignant (mean: 88.9; n = 63) (p = 0.024; Unpaired t-test). Dots represent each case; lines represent 1 standard deviation and the inverted triangle represents the value.


We found statistically significant differences upon grouping methylation patterns by tumor size (Figure 4). However, we did not find statistically significant differences in methylation patterns when tumors were grouped by clinical parameters such as the stage (Figure 5), previous sterilization (Figure 6), or other tumoral characteristics, including histological type (Figure 7), tumor grade (Figure 8), and the number of mitoses in high-magnification fields (Figure 9).


[image: Figure 4]
FIGURE 4. Methylation patterns based on 5mC H-score grouped by the largest tumor diameter. Tumors were grouped according to the largest tumor diameter: >5 cm (mean = 77.9; n = 23) and ≤5 cm (mean = 102.5; n = 68). Unpaired t-test (p = 0.028; n = 91). Dots represent each case; lines represent 1 standard deviation and the inverted triangle represents the value.
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FIGURE 5. Methylation patterns based on 5mC H-score grouped by stage. Tumors were grouped as clinical stage I to V based on TNM grouping. One-way analysis of variance (p = 0.247; n = 91). Dots represent each case; lines represent 1 standard deviation, and the inverted triangle represents the value. Post-test not applicable.
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FIGURE 6. Methylation patterns based on 5mC H-score grouped by females already spayed at the time of diagnosis. Tumors were grouped as previously spayed = yes or no. Unpaired t-test (p = 0.359; n = 91). Dots represent each case; lines represent 1 standard deviation, and the inverted triangle represents the value.
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FIGURE 7. Methylation patterns based on 5mC H-score grouped by tumor histological group. Tumors were grouped as BNG, benign; CaMcCplx, carcinoma mixed and complex; CaPapl, carcinoma papillary; CaSldAnap, carcinoma solid and anaplastic; CaTubCrib, carcinoma simple tubular and cribriform. One-way analysis of variance (p = 0.206; n = 91). Dots represent each case; lines represent 1 standard deviation, and the inverted triangle represents the value. Post-test not applicable.



[image: Figure 8]
FIGURE 8. Methylation patterns based on 5mC H-score grouped by tumor histological grade. Tumors were grouped as benign or malignant grade I, II, or III. One-way analysis of variance (p = 0.100; n = 91). Dots represent each case; lines represent 1 standard deviation, and the inverted triangle represents the value. Post-test not applicable.
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FIGURE 9. Methylation patterns based on 5mC H-score grouped by the number of mitoses per high-power field. Tumors were grouped according to the number of mitoses per field of 400× magnification. One-way analysis of variance (p = 0.196; n = 63). Dots represent each case; lines represent 1 standard deviation, and the inverted triangle represents the value. Post-test not applicable. Magnification: 400×.


Additionally, we observed a significant difference when malignant tumor scores were grouped by the occurrence of relapse (recurrence/new presentation) (Figure 10).


[image: Figure 10]
FIGURE 10. Methylation patterns based on 5mC H-score grouped by tumor relapse. Tumors were grouped as recurrence/new presentation = yes (mean = 74.5; n = 22) or no (mean = 103.2; n = 69). Unpaired t-test (p = 0.011; n = 91). Dots represent each case; lines represent 1 standard deviation and the inverted triangle represents the value.


5mC H-scores were subsequently transformed into a binary variable (methylated and hypomethylated) according to the ROC curve analysis and subjected to survival analysis. There was no statistically significant difference between the survival of animals with methylated malignant tumors and those with hypomethylated tumors (log-rank Mantel–Cox and chi-squared 1.9799 DF 1, p = 0.1594) (Figure 11).
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FIGURE 11. Survival analysis, according to 5mC H-score. Grouping according to hypomethylated or methylated tumor status revealed an H-score cut-off value of 117.7 (ROC) (n = 63). Mean survival of hypomethylated = 46.6 months and methylated = 47.0 months. Kaplan-Meier curve and log-rank test (p = 0.1594; n = 63).




DISCUSSION

In the present study, we retrospectively evaluated global DNA methylation status in canine mammary tumors and correlated these results with clinical parameters, survival, and tumor relapse. Few studies have reported the use of immunohistochemical techniques to evaluate global DNA methylation in canine neoplastic disease, and none have focused on global DNA methylation in mammary neoplasms. Moreover, to the best of our knowledge, this is the first study reporting global DNA methylation status in canine mammary tumors. The design of this study was based on the findings of Hernandez et al. (16), who evaluated global DNA methylation patterns in human colon cancer. They validated their immunohistochemistry results using an anti-5mC antibody and with immunoblotting results from genomic DNA samples of Xanthomonas oryzae DNA in which almost all the cytosine bases were replaced with 5mC. Furthermore, our results were in line with those reported by Morimoto et al. (19) and Epiphanio et al. (20). Their observations of global methylation patterns in canine mast cell tumors and canine lymphoma were obtained with the same antibody used herein.

We found that malignant mammary tumors demonstrated lower immunohistochemical staining scores compared with t benign tumors, similar to a previous study reporting immunohistochemical evaluation of overall DNA methylation patterns in mouse embryonic tissue and human prostate, breast, and colon tumor tissue (26). In that study, methylated CpG islands were converted to 5-hydroxymethylcytosine (5hC), and they reported high 5hC-staining levels in adult and embryonic tissues, closely related to the degree of cell differentiation and tissue organization. Whereas, low staining levels were observed in prostate carcinomas and breast and colon tumors.

Others studies demonstrated similar findings. One study assessed global DNA methylation profiles in paired normal and neoplastic colon tissue using an anti-5mC antibody (16). They described qualitative and quantitative differences between normal and neoplastic regions of paired colon tissues, with the latter being generally hypomethylated. Another study compared adjacent benign tissue and high and low degree prostate intraepithelial neoplasms (27). Furthermore, immunohistochemistry staining using an anti-5mC antibody and paraffin-embedded tissue in normal uterine cervix, benign lesions (including pre-neoplastic tissue), non-invasive malignant lesions, and samples of invasive squamous cell carcinoma of the uterine cervix, although the authors did not find a significant difference in global DNA methylation between normal, benign, and non-invasive malignant lesions, they reported a significant difference in methylation scores between the normal, benign, and non-invasive malignant lesion groups in comparison with the invasive squamous cell carcinoma group, which demonstrated a hypomethylated pattern (28). Due to the retrospective nature of the present study, there was a lack of adequate normal mammary tissue on the slides that could be used as a paired sample for the corresponding tumor lesion, a limitation of this work.

Interestingly, among the malignant tumors, the hypomethylated pattern was associated with tumors larger than 5 cm in diameter, suggesting that the loss of methylation may be associated with tumor progression, and particularly, with tumor proliferation. This finding is possibly supported by a previous report on the progression of mammary tumors in dogs (29) and breast tumor in women (30). In fact, a study that evaluated the methylation status in human hepatocellular carcinoma, with a sophisticated chip array technique in normal and tumoral liver tissue and tumors in progression, demonstrated that global hypomethylation in hepatocellular carcinoma was associated with chromosomal instability (31).

On the other hand, we also observed a correlation between 5mC immunoreactivity and tumor recurrence, with hypomethylated tumors demonstrating a propensity to relapse. In fact, a previous study reported this phenomenon in prostate tumor in men, and a similar observation was made in post-operative hepatocarcinoma (27, 32). Additionally, Mazzucchelli et al. (33) evaluated global DNA methylation profiles in papillary urothelial neoplasia of low malignant potential using immunohistochemistry and found a statistically significant difference between non-recurring and recurrent tumors, with the latter showing a hypomethylated pattern. As hypomethylation is implicated in genome instability and malignant transformation, we speculate that animals with hypomethylated mammary neoplasms could be at risk of tumor recurrence.

The methylation status and clinical correlations (such as staging, histological grade, and survival) observed here are comparable with previous studies showing no relationship between clinical prognostic factors and overall DNA methylation patterns between normal prostate tissue and prostate cancer samples (27, 34). In contrast with our results, some reports have demonstrated an ambiguous association between methylation status and poor overall survival. One study involving 5mC immunostaining of bone marrow biopsies from patients with myelodysplastic syndrome found significantly worse survival in patients with methylated bone marrow tissues (18). Another study assessed the methylation expression index (MEI) in tissue from women with invasive breast cancer. They found that decreased survival was associated with a low MEI index in 2,500 ER+ patients (35). Good et al. (36) used cell lines from triple-negative breast cancer patients to demonstrate worse overall survival in patients with hypomethylated tumors. These conflicting outcomes may be explained by the methodology adopted for investigating the cause of death. Additionally, as ours was a retrospective study, our data were limited to the quality of the information obtained from medical records or provided by owners, a limitation of our study.

Another study limitation was the inability to validate immunohistochemistry findings using other molecular techniques, as the material available was restricted to FFPE tissues. However, it should be noted that other techniques are biased, as they use complete portions of the triturated tumor tissues, including DNA from both tumor and stromal cells, thereby compromising the results. However, Piyathilake et al. (17) compared the in vitro radiolabeled methyl incorporation assay with immunohistochemical staining of the same tissue sections with a monoclonal antibody developed against 5mC. They concluded that immunostaining was a useful technique for evaluating global DNA methylation, especially when cancer-related methylation cannot be normalized to methylation of normal tissues or when the number of samples available for evaluation is small, as in the present study (17).

In summary, this is the first study describing global DNA methylation patterns in canine mammary tumors using 5mC immunostaining as an inexpensive and straightforward technique. Although no correlation between tumor type, grade, or clinical prognostic factors was observed, we effectively demonstrated that hypomethylation was more prevalent in malignant tumors and, particularly, among those with a diameter exceeding 5 cm. Our findings demonstrate the efficacy of this method for global DNA methylation assessment and suggest that DNA hypomethylation is associated with malignant tumors. This tool may help identify recurrent tumors and those with relapse potential, suggesting this marker is potentially useful in the prognostic evaluation of canine mammary neoplasms. However, proper validation of this technique should be performed using a gold standard quantitative technique.
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Cancer is the leading cause of death in dogs, in part because many cases are identified at an advanced stage when clinical signs have developed, and prognosis is poor. Increased understanding of cancer as a disease of the genome has led to the introduction of liquid biopsy testing, allowing for detection of genomic alterations in cell-free DNA fragments in blood to facilitate earlier detection, characterization, and management of cancer through non-invasive means. Recent discoveries in the areas of genomics and oncology have provided a deeper understanding of the molecular origins and evolution of cancer, and of the “one health” similarities between humans and dogs that underlie the field of comparative oncology. These discoveries, combined with technological advances in DNA profiling, are shifting the paradigm for cancer diagnosis toward earlier detection with the goal of improving outcomes. Liquid biopsy testing has already revolutionized the way cancer is managed in human medicine – and it is poised to make a similar impact in veterinary medicine. Multiple clinical use cases for liquid biopsy are emerging, including screening, aid in diagnosis, targeted treatment selection, treatment response monitoring, minimal residual disease detection, and recurrence monitoring. This review article highlights key scientific advances in genomics and their relevance for veterinary oncology, with the goal of providing a foundational introduction to this important topic for veterinarians. As these technologies migrate from human medicine into veterinary medicine, improved awareness and understanding will facilitate their rapid adoption, for the benefit of veterinary patients.

Keywords: dog, cfDNA, cell-free DNA, circulating tumor DNA, cancer, genomic, liquid biopsy, one health


INTRODUCTION

Cancer is frequent in dogs and is by far their most common cause of death (1–5). While dogs and humans have a similar lifetime risk of cancer (between 1:2 and 1:4), dogs have an annual incidence of cancer that is up to 10-fold higher than in humans, as their lifetime risk is compressed into a much-abbreviated lifespan (1, 2). Similar to humans, both genomic and environmental factors drive cancer incidence in dogs: cancer predisposition mutations are concentrated in many breeds as an inadvertent side effect of selective breeding; and dogs share the same environment as humans, including exposure to many carcinogens (6, 7). These considerations help explain why ~4–6 million dogs are newly diagnosed with cancer per year in the US in a population of under 90 million as compared to 1.8 million cancer diagnoses in humans in a population of ~330 million (8). Like humans, the burden of cancer in dogs increases with age: up to 50% of dogs over 10 years of age will develop cancer during the remainder of their lives (3, 9, 10).

Canine cancer also carries a significant mortality risk (3, 8, 11), since many canine cancers are diagnosed at advanced stages after there has been microscopic (12, 13) or macroscopic spread (12, 14–16) and a cure is no longer achievable. With rising pet ownership and increased emotional attachment to pets, the substantial burden of canine cancer goes well-beyond the immediate health implications for the dog, with significant emotional and financial impact on dog owners (17–21). Given the high incidence of cancer in dogs, all companion animal practices are exposed to oncology cases on a regular basis, and cancer care is an essential part of pet health care (13).

Over the past decade, genomic medicine has made great strides thanks to technological breakthroughs such as the introduction of next generation sequencing (NGS). In 2005, the National Institutes of Health (NIH) launched The Cancer Genome Atlas (TCGA), a landmark initiative aiming to molecularly characterize the genomic landscape of human cancer (22). By 2013, TCGA concluded enrollment with over 20,000 samples and built a knowledge base across all major human cancer types (22, 23). This effort, together with similar international initiatives such as the International Cancer Genome Consortium (24), enabled rapid cancer biology research and helped facilitate the development of new molecularly targeted therapeutic agents for cancer. As a result, tumor tissue-based molecular testing has become an integral part of the “precision medicine” trend in cancer care for humans (25). More recent innovations in the field have enabled non-invasive testing based on a simple blood draws; typically referred to as “liquid biopsy,” this type of testing most commonly relies on analysis of cell-free DNA (cfDNA) fragments released by the tumor cells into the bloodstream and known as circulating tumor DNA (ctDNA) (26–30).

The first canine reference genome was published in 2005 (31), not long after the publication of the human reference genome (Figure 1) (32–34). However, progress in canine genomics has not been nearly as rapid as in humans, and most advances in genomic medicine have not yet been adopted in veterinary medicine. Certain areas of canine genetics have seen meaningful progress, including breed identification (35, 36), breed-specific disease predisposition (37–39), and genetic determinants of heritable disorders (40). Much of this accumulated knowledge is now available to veterinarians and pet owners through commercial testing options. However, only a small fraction of the scientific progress made in humans has been transferred into the arena of canine oncology. More research and development pertaining to the genetic predispositions underlying canine cancer syndromes, and to the detection, characterization, and management of cancer in dogs, is urgently needed to allow the standard of cancer care in veterinary medicine to catch up with human medicine standards.


[image: Figure 1]
FIGURE 1. A brief guide to genomics. Cancer is a disease of the genome because DNA alterations provide the biological basis of cancer. Each body cell (except for mature red blood cells) contains a full copy of the organism's genome within a set of chromosomes packed in its nucleus. The DNA double-helix is formed by four nucleotides, or bases, assembled in complementary pairs via hydrogen bonds: adenine (A) is always paired with thymine (T), and cytosine (C) is always paired with guanine (G). The gene is the basic unit of heredity and consists of a long sequence of nucleotides that encodes for the synthesis of a protein by transcription to RNA (ribonucleic acid) in the cell's nucleus, followed by translation to a sequence of amino acids in the cytoplasm. The average gene comprises several thousand bases, with wide size variation. The DNA double-helix strand wraps around a set of histone proteins, forming structures known as “nucleosomes” at regular intervals along the length of the strand (Adapted from National Human Genome Research Institute, genome.gov).


With a few notable exceptions—such as BRAF testing in urine for detection of canine urinary tract cancer (41), and testing for c-kit mutations in mast cell tumors (42–44)—the field of veterinary oncology has yet to utilize the full power of genomics for its precision medicine benefits. However, the rapid adoption of genomics-based testing by the veterinary community could pose risks due to the current lack of regulatory oversight for high complexity molecular testing. Clinical genomic testing for veterinary applications can be currently marketed without any peer-reviewed clinical validation studies, or based on studies in small cohorts that may not be representative of the intended-use population (45). There is currently no established regulatory approval pathway in the United States for veterinary diagnostics, and while a form of accreditation is available through the American Association of Veterinary Laboratory Diagnosticians, this accreditation is limited to publicly funded, full-service laboratories and is not available to privately owned commercial labs (46, 47). In the United States, laboratories conducting high complexity molecular testing in humans must secure certification under CLIA (Clinical Laboratory Improvement Amendments) and may also pursue accreditation through CAP (College of American Pathologists); many laboratory-developed tests (LDTs) intended for oncology applications are also regulated by the US FDA (Food and Drug Administration) (48–50). Because no such standards exist for high complexity molecular testing in veterinary medicine, low-quality tests could easily find their way into clinical use, leading to poor outcomes for patients. The lack of external oversight in veterinary diagnostic testing means that it is critically important for highly complex, novel tests to undergo rigorous analytical and clinical validation, with detailed findings published in peer-reviewed journals for full transparency (51).

To develop reliable genomics-based testing solutions for veterinary applications, significant research and development efforts will be required. This is especially true for blood-based liquid biopsy tests since the proportion of ctDNA in the plasma can be very low and variable, requiring highly sensitive detection with minimal false positive results (52). Analytical validation of any such test must evaluate the entire process – from blood collection to shipping, accessioning, separation of plasma and buffy coat (white blood cell - WBC) components, DNA extraction and sequencing library preparation, data generation by NGS, and sophisticated bioinformatics analysis – through adequately designed and powered studies (53). Clinically, the test will need to be validated for each intended use. The unique, non-invasive nature of liquid biopsy allows it to be deployed in multiple clinical use cases across the full spectrum of cancer care in dogs, including: (1) screening for early detection in patients without any signs of cancer; (2) aid in diagnosis in patients with suspected cancer; (3) molecular profiling for targeted treatment selection; (4) detection of minimal residual disease after curative-intent interventions; (5) treatment response monitoring; and (6) recurrence monitoring in patients who achieve complete remission after initial treatment. Each of these use cases will require independent clinical validation in the corresponding intended-use population, with clinical utility ultimately determined by the test's demonstrated ability to inform clinical decision-making or improve clinical outcomes in each use case.

This article will review fundamental principles of cancer genomics for a contemporary understanding of cancer as a disease of the genome; describe key biological and technical considerations for developing and validating a liquid biopsy assay for veterinary cancer applications; and conclude with a review of the six clinical use cases for liquid biopsy described above. Armed with a well-informed appreciation for the validation requirements and the potential of liquid biopsy solutions to significantly improve care for their patients, veterinarians will be well-positioned to evaluate and employ validated liquid biopsy tests as they enter the clinic in the coming years. Once developed and commercialized, liquid biopsy solutions promise to usher in a new era for veterinary medicine, enabling personalized cancer care for pets at the same level of quality and sophistication already available to humans at major cancer centers today.



FUNDAMENTALS OF CANCER GENOMICS


Cancer as a “Disease of the Genome”

Historically, cancer has been defined by its organ or tissue of origin, or by its cellular characteristics, as the ability of clinicians to understand and describe it was limited to gross examination and/or microscopic evaluation. Advances in molecular medicine over the past two decades have revealed that normal cells accumulate random genomic alterations over time as a result of DNA replication errors, as well as exposure to endogenous factors (such as free radicals) and to environmental (exogenous) carcinogens such as various forms of radiation and mutagenic chemicals in food and air (54–57); and that cancer results when one or more of these alterations confer an uncontrolled growth advantage to a population of cells (58). These random alterations are called somatic alterations, as they are acquired “in the body” after birth; in some cases, cancer-predisposing alterations are already present at birth, having been inherited from parents as germline alterations.

Most somatic alterations are promptly corrected by intracellular DNA repair mechanisms or (if unrepaired) are severe enough to trigger death of the affected cell, with no ill consequences for the organism; however, when such alterations occur in specific locations in the genome, and are not corrected, a chain of events is set in motion that ultimately leads to the development of cancer. Such alterations confer a growth and/or survival advantage to the affected cells, either by triggering increased cell replication or by inhibiting the processes that keep cell division in check; these are analogous to pressing the gas pedal and cutting the brakes on a car, respectively. Tumor growth can be further accelerated by the accumulation of new somatic alterations with the passing of time; this causes cancer cells to replicate faster, invade surrounding tissues, travel to distant organs by lymphatic and vascular routes, and evade the immune system's surveillance and control mechanisms. When the number of cancer cells reaches around one billion, the malignant mass is ~1 cm in size and weighs about 1 g (59, 60); at this stage, the mass typically becomes detectable by physical and imaging examinations, and may have already started to cause clinical signs such as bleeding, lameness, weight loss, lethargy, etc. This clinical manifestation is called cancer, and is commonly described by its organ of origin, size, and appearance under the microscope (histological diagnosis and grading). The tumor spread is defined by the TNM (tumor, node, and metastasis) staging system. Fundamentally, however, cancer is a disease of the genome, as it is directly caused by genomic alterations and cannot develop in the absence of such alterations (61).



Genomic Alterations in Cancer

As malignant tumors grow, they develop the ability to invade adjacent areas and metastasize to distant locations in the body through the accumulation of DNA alterations in key genes (58). A primary “gatekeeping” alteration provides an initial growth advantage and allows the affected cell to replicate more quickly than the surrounding cells, becoming a microscopic clone (58); in time, a cell within this clone will randomly acquire a second alteration, typically in another gene, and initiate a subsequent round of clonal expansion with enhanced selective growth advantage for the cells containing both alterations. In this way, the process of novel mutation acquisition followed by clonal expansion continues, leading to the evolution of malignant subclones that can invade surrounding tissues, metastasize to lymph nodes, and spread to distant organs (58).

Genomic alterations that confer a selective growth advantage are termed driver mutations. The cumulative effect of this advantage, over many cell divisions, results in a mass of billions of malignant cells growing at an accelerating rate, with multiple subclonal populations emerging through the successive accumulation of additional mutations. In humans, this is a process that begins with a single driver mutation and ends with metastatic disease, and is estimated to take decades (58). On average, a human cancer genome contains 4–5 driver mutations, though there is wide variability across different cancer types (62). Cancer genomes also contain somatic alterations that do not confer a discernible growth advantage to the cell and are referred to as passenger mutations (58). Detection of either class (driver or passenger) can point to the presence of cancer, but only driver mutations can inform the selection of effective targeted therapies (58, 63).

Driver mutations are not randomly distributed across the genome; in fact, of the more than 20,000 human genes, fewer than 1,500 have been implicated in cancer development (58, 64–67). These cancer-related genes are implicated in 12 specific cellular pathways (Figure 2), which in turn relate to three main functions: (1) cell survival (ability to thrive in nutrient-poor conditions, dysregulation of apoptosis, angiogenic stimulation); (2) cell fate (division and differentiation); and (3) genome maintenance (ability to survive despite gross chromosomal abnormalities, acceleration of mutation acquisition, and DNA damage control) (58, 68, 69).


[image: Figure 2]
FIGURE 2. Cellular pathways and functional processes involved in cancer. Driver mutations in cancer-related genes are responsible for cancer development. These cancer-related genes are implicated in 12 cellular signaling pathways, which can be grouped into 3 core cellular functions: cell survival, cell fate, and genome maintenance [Inspired by Hanahan & Weinberg (2011) and Vogelstein et al. (2013)] (58, 68).


As noted previously, cancer-related alterations can be either somatic (acquired after birth, and present in only a subset of cells in the body) or germline (inherited, and present in every cell). Germline alterations resulting in cancer predisposition - for example BRCA1 and BRCA2 variants - increase the risk of breast cancer in humans, and alterations in these genes have also been documented in dogs with mammary tumors (70). In humans with cancer-predisposing germline alterations, the diagnosis is often made at a younger age than is typical for that cancer type, and therefore these patients benefit from proactive cancer screening that can detect such cancers at earlier stages (71). As researchers learn more about heritable canine cancer risk, proactive cancer screening in younger dogs, informed by the presence of germline alterations, will likely demonstrate increasing clinical utility and lead to better clinical outcomes.

Somatic driver mutations predominantly occur in two types of genes: oncogenes and tumor-suppressor genes (TSGs) (Figure 3) (58). Oncogenes typically acquire activating (or gain of function) mutations in very specific locations (known as “hotspots”); these activating mutations increase the rate of cell division, inhibit programmed cell death (apoptosis), or help the cell evade immune surveillance (58). TSGs, on the other hand, typically acquire inactivating (or loss of function) mutations, which can occur across the full length of the gene (58). As their name implies, TSGs serve as a built-in control mechanism to suppress the development and growth of tumors; inactivating mutations impair this critical protective function, leaving oncogene-driven cancers to grow unchecked (58).
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FIGURE 3. Accumulation of small genomic alterations in cancer-related genes. Small genomic alterations in oncogenes tend to be activating mutations, which cluster at very specific locations (“hotspots”), whereas small genomic alterations in tumor suppressor genes (TSGs) tend to be inactivating mutations and may occur across the full length of the gene. The design of a high-quality genomic assay needs to account for these characteristics in order to identify relevant alterations across cancer-related genes in an efficient manner.


Successive genomic alterations can accumulate in both oncogenes and TSGs, thereby accelerating the progression of the disease in advanced stages of cancer (72). Early in cancer formation, however, disease progression occurs at a relatively slow pace (72). In humans, many tumors grow over 10 to 30 years before clinical manifestation and remain confined to the organ of origin through most of this period (72). This timeframe represents a considerable window of opportunity for early detection that can allow for a cure to be achieved by simple surgical removal of the localized mass (72–74). This paradigm holds true in canine cancer as well: in some types of canine cancers, for example mast cell tumors and soft tissue sarcomas, clinical outcomes are often excellent with early detection and proper surgical excision (75, 76).

Each patient's cancer is characterized by a variety of genomic alterations, and even within a particular cancer type (breast, colon, etc.), no two cancers are the same (77). There is no established 1:1 correspondence between a given tumor type and a given genomic alteration. For example, the BRAF V600E mutation is most commonly seen in human melanoma but is also seen in other cancers (78); likewise, its canine ortholog V595E is common in transitional cell carcinoma but is also present in different canine cancer types (79). The presence of the same mutation in different cancer types may have different therapeutic implications. For example, in humans, targeting BRAF with the agent vemurafenib works more effectively in melanoma than in other cancer types (80). Significant amounts of focused research will be required to understand the efficacy of various targeted agents in specific canine cancers.

Cancer in adult humans typically has dozens to hundreds of mutations per case, while pediatric cancers usually have far fewer mutations per case (58). A commonly employed metric for describing the frequency of mutations in a given cancer case is the tumor mutational burden (TMB), represented by the number of mutations per Mb (megabase, i.e., one million DNA bases) (81). A recent review of over 100,000 human cancer cases across more than 500 cancer types revealed a wide TMB spectrum, ranging from 0 to over 1,000 mutations/Mb, with a median of 3.6 mutations/Mb and increasing with patient age (82). Although less extensively studied, canine cancer genomes have been shown to exhibit similar TMBs in published studies, with a median of 1.98 mutations/Mb in canine osteosarcoma (83), 2.04 mutations/Mb in primary canine lung cancer (84), and a range of 0.1–2.1 mutations/Mb in canine hemangiosarcoma (85, 86). TMB has been shown to be a marker for predicting response to immunotherapy in humans, with high-TMB tumors more likely to respond (87, 88). The ability to non-invasively measure TMB from a blood sample could gain clinical relevance as immunotherapies become increasingly utilized in the management of canine cancers (10).

The extreme diversity of genomic features across cancer types, coupled with the fundamental understanding of cancer as a “disease of the genome,” have opened the door to novel diagnostic approaches that go beyond the notion of a specific test for a specific type of cancer and favor a “pan-cancer” model where a single, highly complex diagnostic assay can be used to detect and characterize a broad range of cancer types (27, 28, 61).



Classes of Genomic Alterations

To understand how genomics-based testing can characterize cancer accurately, it is important to first review the main classes of genomic alterations that drive cancer initiation and progression (Figure 4). Though counter-intuitive, many cancers are driven by single nucleotide variant (SNV) “hotspot” alterations that involve a change of just one letter out of several billion letters in the genome (58, 89–91). Another class of small genomic alterations are indels (insertions and deletions), in which one to several nucleotides are inserted into, or removed from, the normal DNA sequence (89–91). Larger genomic events, affecting thousands to millions of nucleotides and known as structural alterations, can also cause significant genomic disruption, leading to cancer (92). Cancer-related structural alterations include: (1) copy number variants (CNVs), in which large segments of DNA (thousands to millions of bases long, up to entire chromosomes) are either completely absent or are abnormally repeated, and (2) translocations, in which DNA strands from unrelated parts of the genome are joined together and result in “fusion genes” in the RNA transcript (92).
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FIGURE 4. Classes of genomic alterations. Small genomic alterations include single nucleotide variants (SNVs) as well as small insertions and deletions (collectively known as “indels”). SNVs arise when one nucleotide is substituted for another, which can result in altered amino acid translation and an altered protein product. Indels involve the insertion or deletion of one or more nucleotides from the normal DNA sequence, resulting in an altered protein product. On a much larger scale, structural alterations typically involve thousands to millions of nucleotides. Copy number variants (CNVs) are a common type of structural alteration, involving gains or losses of large stretches of DNA. Translocations represent another type of structural alteration, whereby two distant, otherwise unrelated genomic regions are joined together, creating “gene fusions” that can drive tumor growth.


Numerous studies have revealed that the disease etiology of a given cancer is typically driven either by focal somatic alterations (SNVs, indels, and/or translocations) or by CNVs, but rarely by both categories (58, 93, 94). This association with specific classes of driver genomic alterations is often cancer type or subtype-specific, with cancers such as sarcomas—which are far more common in dogs than in humans (9)–being mostly CNV-driven while others, such as carcinomas of the lung or gastrointestinal tract, being mostly SNV and indel-driven (93).



Clonality and Tumor Evolution

By the time cancers are diagnosed, they are typically large—measuring centimeters in diameter—and thus comprised of billions of cells (59, 60). As described previously, cancer growth is characterized by the successive accumulation of somatic alterations, meaning that tumors are not static—they constantly evolve to include additional alterations beyond the original clonal (or “truncal”) alteration (Figure 5) (58). At the time of diagnosis, when the primary tumor is one or more centimeters in size, most patients do not in fact have “cancer”; rather, they have “cancers,” as the disease has already evolved to consist of multiple sub-populations of cells (subclones), each sharing the original clonal alteration but further evolved with its own additional unique mutational profile. This phenomenon is known as spatial heterogeneity, which can manifest as intratumor heterogeneity (within a single primary or metastatic tumor mass) and/or intrapatient heterogeneity (between different tumor masses within the same individual) (58, 95–98). Once seeded in a new location, metastatic deposits subsequently accumulate additional alterations, which can be distinct from those present in the primary tumor (58). New alterations, which are unique to a specific subclone within the primary tumor or at a metastatic site, are referred to as private mutations (95).
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FIGURE 5. Accumulation of genomic alterations and emergence of resistance. Cancer begins with a single genomic alteration in a cancer-related gene, which provides a selective growth advantage that allows the cell with the original “clonal mutation” (also known as the “truncal mutation”) to grow and divide more quickly than neighboring healthy cells. Over time, additional genomic alterations accumulate in the DNA of these cancerous cells, leading to both linear and branched evolution from the original clonal population. This leads to a tumor comprised of various subclones, all of which share the original truncal mutation but also feature additional, unique mutations (known as “private mutations”). Administration of an efficacious treatment will typically eliminate many cells in the tumor, resulting in a reduction in tumor burden and clinical remission; however, certain subclones already harboring resistance mutations will often survive treatment at clinically undetectable levels and subsequently expand in the absence of competition. In time, this leads to the clinical observation of recurrence.


At the time of diagnosis under the current standard of care, a single biopsy of a single tumor will only reveal a set of mutations at one point in time for that one specific physical location in the tumor. However, it is likely that an adjacent area in the primary tumor, or a distant metastatic site, will have a different set of mutations (95, 99). As cancer therapeutics become increasingly guided by the tumor's molecular alterations, a representative and unbiased view of the mutational landscape across all subclones in the body will be essential (100).

Treatment success is currently determined by observing a reduction or apparent disappearance of the tumor mass on imaging or physical examination, but in many cases this is ultimately followed by reemergence of the cancer at the same anatomic site or elsewhere. From a molecular perspective, the treatment may have been successful in eliminating a large subset (perhaps the dominant clone) of cancer cells with a particular genomic signature but left behind other subclones that harbored private resistance mutations to the treatment (Figure 5) (101). The treatment-resistant cell populations (subclones) were likely already present in the tumor at the time of initial treatment, albeit in smaller numbers compared to the dominant clone; once the overall disease burden is reduced as a result of treatment pressure on the susceptible clone, these resistant subclones are allowed to prosper, with reduced competition for space and nutrients from the previously dominant clone (58, 102). This highlights an important benefit of detecting cancer earlier, before it accumulates a more diverse clonal composition that may increase its overall resistance to treatments.

In humans, this accumulation of additional somatic alterations is known to progress at relatively predictable rates. By the time a tumor reaches a clinically detectable size (typically 1 g, or 1 cm3, or 1 billion cells), it has undergone 30 volume doublings (103); the time that the tumor has been present in the body can be roughly estimated by back calculation via the tumor doubling time (TDT), if known. In human breast tumors across multiple subtypes, median tumor volume doubling times of 85–185 days have been reported (104). Assuming constant growth rates, the average breast cancer would need many years to reach a size at which it could be clinically detected. Currently recommended screening intervals in humans take these tumor growth estimates into account. For example, screening for breast cancer with mammography is recommended every 1–2 years beginning at age 45–50 (105, 106), while screening for colorectal cancer is recommended every 3–5 years beginning at age 50 (107). In effect, these recommendations reflect current understanding of the growth rates of specific cancers from early stage to late stage in humans. Routine screening at set intervals also provides the benefit of “cumulative detection”—the combination of detection rates compounded over time, such that after 2+ cycles of screening, the overall detection rate will be higher than if a single screening test were used at just one point in time (108, 109).

The rates of growth of various cancer types in dogs are not as well understood as in humans; however, given the shorter canine lifespan, it can be assumed that the time from a cancer's molecular inception to clinical manifestation is significantly compressed. Though TDTs have been rarely reported in veterinary medicine, those that have been reported support this assessment: for example, the mean TDT for induced canine lung adenocarcinomas was ~100 days, and for human pulmonary adenocarcinoma was greater than 1 year (110, 111). As in humans, TDT is important for informing the cadence of cancer screening in dogs; given these preliminary estimates, an annual or semiannual screening interval, when such testing becomes available, should allow for the detection of a significant proportion of canine cancers at the localized (resectable) stage.



Comparative Oncology: Dogs and Humans

Comparative oncology is typically described as the study of naturally occurring cancers in veterinary patients to benefit both humans and animals, through the study of cancer biology, pathogenesis, and treatment (112). Canine and human cancers share many histological, molecular, physiological, and even epidemiological features, and this commonality provides the rationale for the field of comparative oncology, wherein a deeper understanding of cancer in one species can drive corresponding insights in the other (7, 113–115). Dogs represent a powerful model system for the study of human cancers and vice versa, as cancers occur spontaneously in both species and are driven by orthologous genomic changes that impact corresponding biological pathways (114, 116, 117).

The human genome is ~3.1 billion nucleotides in length; the canine genome is ~20% smaller at ~2.4 billion nucleotides (31–33, 66, 118). Despite the size difference, the human and canine genomes have a high degree of homology (estimated at around 85%) (31); and among the top 100 human genes most frequently mutated in cancer, the extent of homology in the canine genome is likely even higher. Despite these commonalities, there are important differences between human and canine cancers, and these differences can be intelligently leveraged to drive faster translation of discoveries from one species to the other. For example, while dogs and humans are susceptible to cancers throughout the body, some cancers that are common in dogs are rare in humans (e.g., osteosarcoma, T-cell lymphoma) (83, 119, 120), and vice versa (Table 1). It is difficult to perform well-powered studies in rare cancer types; however, research efforts can progress faster in the species where the cancer is more common, and key insights can be translated back to the other species.


Table 1. Common cancers in humans and dogs (8, 13).
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LIQUID BIOPSY: THE NEXT FRONTIER IN VETERINARY CANCER CARE

Liquid biopsy broadly refers to the sampling and analysis of analytes from various biological fluids (primarily blood, but in some cases also urine, cerebrospinal fluid, or other secretions) that can be sampled through minimally invasive or non-invasive methods (121). Blood-based liquid biopsy may include analysis of circulating nucleic acids (mainly cfDNA, which includes ctDNA in patients with cancer); circulating tumor cells (CTCs); and proteins (121). The ability to detect cancer-related analytes from blood has unique advantages, especially in cancer (or suspected cancer) cases where obtaining a tissue sample for traditional histological analysis might be particularly risky or difficult.


Tumor Tissue Sampling and Analysis as the Current Standard of Care

The conventional path to achieving cancer diagnosis in companion animals varies based on patient characteristics, tumor type, and tumor location (122). Fine needle aspiration (FNA) cytology is less invasive and lower risk compared to biopsy, and FNA is often used to make a preliminary or definitive diagnosis, develop a treatment plan, and predict prognosis (123, 124). However, inconclusive results or misdiagnoses can occur with FNA due to low cellularity, artifact, necrosis, minimal exfoliation of certain cell types, lack of tissue architecture, etc. (124, 125). Also, not all tumors are easily accessible by FNA (such as deep-seated abdominal tumors, many intrathoracic tumors, and tumors of the central nervous system); and some tumors with high vascularization, or those which might seed the body wall (e.g., urinary tract), are not amenable for sampling by FNA.

If FNA cytology is attempted and is non-diagnostic or equivocal, more invasive methods (such as a traditional biopsy or exploratory surgery) are often employed to obtain tissue for analysis prior to making a definitive diagnosis and initiating treatment (126). Compared with FNA, biopsies and surgeries entail higher risks of morbidity and mortality, which are dependent upon the site of the suspected mass and the characteristics of the procedure. Such risks include infection, internal bleeding, fracture after bone biopsy, intestinal perforation with endoscopic biopsy, pancreatitis after pancreatic biopsy, collapse of vertebra at spinal surgery sites, non-diagnostic results, and in the worst cases, death (122, 127–137).



Circulating Biomarkers

The clinical and cost challenges of tissue analysis have stimulated the search for “non-invasive” methods that rely upon analysis of biomarkers found in easily accessible body fluids, such as blood, urine, and secretions. Despite decades of research, few such methods have entered broad clinical use, with the exception of testing for hematological malignancies where blood-based cytology is part of the standard of care. Solid tumors, which make up most malignancies in both humans and dogs, have seen limited benefits to date from methods that employ circulating biomarkers, with cfDNA-based approaches currently showing the greatest promise for the future.


Protein Markers

In humans, blood-based testing has provided the opportunity to profile tumors to aid in the diagnosis of cancers, and to guide treatment decisions; and the earliest such tests have targeted protein markers (138, 139). A number of blood-based protein biomarkers have been used for human cancer screening and monitoring using immunohistochemical methods, including: CEA for colorectal cancer, PSA for prostate cancer, CA-125 for ovarian cancer, and alpha-fetoprotein (AFP) for hepatocellular carcinoma (140–143). Using similar ELISA (Enzyme-Linked ImmunoSorbent Assay) testing methods, recent attempts have been made to measure the concentrations of histone proteins that form the core of nucleosomes in order to detect the presence of cancer (144, 145). The nucleosome is the basic structural unit of DNA packaging, consisting of a segment of DNA wound around eight histone proteins. As cancer cells die, they release histone-bound DNA into circulation, whereupon the histone proteins can be separated and independently assayed (Figure 1).

However, biomarker assays based on circulating proteins suffer from high rates of false positives and false negatives, since the same proteins exist in circulation in healthy individuals and can be increased for reasons other than cancer, such as inflammation, sepsis, and trauma (146); also, these markers may not be significantly elevated in a significant proportion of individuals with even advanced stage cancer, reducing the potential for a highly sensitive test (146). Importantly in dogs, nucleosome concentration is also elevated in benign disease and in trauma (147–151), limiting its diagnostic utility for cancer (152). For these reasons, circulating protein markers have not been broadly adopted for cancer detection, and are more commonly used for monitoring cancer in cases where the level of the corresponding protein was shown to be already abnormal at the time of diagnosis.

In veterinary medicine, there has been interest in leveraging protein biomarkers such as thymidine kinase type 1 (TK1), canine C-reactive protein (cCRP), and alpha-fetoprotein receptor (RECAF) for canine cancer detection (153, 154); however, such protein biomarkers are not highly specific for canine cancer and can be elevated due to other reasons including immune-mediated hemolytic anemia, thrombocytopenia, and polyarthropathy (155). In human medicine, protein biomarkers such as RECAF and AFP have demonstrated limited sensitivity and specificity for cancer detection (143, 156).



Circulating Tumor Cells

CTCs are intact tumor cells originating in solid tumors that can sometimes be detected in circulation, a finding that has catalyzed a considerable body of research aimed at using CTCs for cancer detection. However, multiple studies in humans have demonstrated that even in metastatic disease, as many as 20% to over 50% of patients (depending on cancer type) have no detectable CTCs in the typical sample volume collected (157–162). Similar performance has been observed in metastatic canine cancer (163). As a result, CTCs have not seen broad clinical adoption, and remain primarily a research tool in both humans and dogs (164, 165).



Circulating Nucleic Acids

Over the past decade, circulating nucleic acids – in particular cfDNA – have emerged as the most promising class of circulating biomarkers for non-invasive detection and characterization of cancer. cfDNA, which includes ctDNA in cancer subjects, is the focus of the remainder of this review.




cfDNA Origins and Characteristics

As cells undergo programmed cell death (apoptosis) and necrosis, the membranes of cells and nuclei are broken down, and their contents are released into the circulation (Figure 6). Among these contents are fragments of DNA, known as “cell-free DNA” once they have left the confines of the cell and its nucleus. These cfDNA fragments are rapidly degraded by normal metabolic processes and have a very short half-life, estimated at 15 min to a few hours in both humans and dogs; as a result, they are usually cleared within a few days (168–170). The constant turnover of cells throughout the body provides a steady supply of cfDNA in the circulation, which is amenable to analysis with sophisticated technologies including NGS.
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FIGURE 6. Origins of cell-free DNA. When a cell dies through either programmed cell death (apoptosis) or necrosis, its cellular contents (including DNA from the nucleus) are released into the bloodstream. At this point, the DNA becomes “cell-free DNA” and is rapidly degraded into small fragments through the action of circulating enzymes known as “DNAses.” As a result, most cfDNA fragments found in circulation are typically short, averaging 167 nucleotides in length in both humans and dogs (166, 167). While both healthy cells and tumor cells contain DNA that becomes cfDNA in circulation, only tumor cells will harbor somatic genomic alterations in cancer-related genes. Detection of such genomic alterations in the cfDNA of a patient is thus indicative of the presence of tumor cells in the body, providing the rationale for “liquid biopsy” testing approaches (Note: cfDNA exists as both single stranded DNA and double stranded DNA; only single stranded DNA is depicted here, for illustrative purposes).


The presence of cfDNA in humans was first reported in 1948, and while cfDNA was hypothesized to be linked to metastatic cancer in the mid-1960s, it took until 1977 for the first results evaluating cfDNA concentrations in patients with cancer compared to normal controls to be published, and neoplastic characteristics were reported in circulation in 1989 (171–174).

In 1996, two landmark publications reported the detection of cancer-derived alterations in plasma or serum of cancer patients as ctDNA (175, 176). Since then, significant efforts have been devoted to developing molecular tests to detect the presence of cancer-derived alterations in the blood (161, 177), and use the information for cancer detection, characterization, treatment, and monitoring (27, 28, 101, 178–183).

In parallel, fetal-derived cfDNA was discovered in maternal plasma in 1997 (184), leading to the first widely adopted clinical application for cfDNA testing: a screen for common fetal chromosomal abnormalities such as trisomy 21 (Down syndrome) using a sample of the pregnant woman's blood (185). Prior to this revolutionary advance, such fetal genetic information could only be derived from invasive diagnostic tests such as chorionic villus sampling (CVS) or amniocentesis, which carry a risk of miscarriage (186). As a result, the introduction of cfDNA-based non-invasive prenatal testing (NIPT) in 2011 (185) fundamentally changed the way prenatal care is delivered. Tens of millions of pregnancies have been screened with this cfDNA-based technology to date, leading to a marked decrease in the number of invasive diagnostic procedures for detection of fetal chromosomal abnormalities (187).

There are many documented instances of NIPT results incidentally identifying maternal cancer, highlighting plasma as a common repository for both fetal-derived and cancer-derived cfDNA fragments (188, 189), and suggesting the potential of using plasma cfDNA to screen for asymptomatic cancers. Indeed, a population-based study published in 2017 reported the performance of cfDNA-based liquid biopsy to detect nasopharyngeal cancer before symptoms develop (190), which marked the first demonstration of using a cfDNA-based blood test to screen for a specific type of cancer. Multiple commercial providers are currently offering or developing liquid biopsy tests for human cancer applications, and many clinical trials are underway to expand the clinical utility of this technology to additional use cases and/or cancer types.

Published research on canine cfDNA has covered a variety of clinical applications, including trauma, sepsis, thromboembolism, and neoplasia, and has focused primarily on determining the concentration of cfDNA in plasma as correlated to a particular clinical state or as a predictor for certain clinical outcomes (84, 148–151, 167, 169, 191–203). Studies that evaluated cfDNA concentrations in healthy canine subjects have reported median concentrations ranging from less than 1 ng/mL to greater than 500 ng/mL (148, 149, 167, 169, 194–203)—significantly wider than the range documented in healthy humans (typically 0–20 ng/mL) (204). These wide-ranging findings suggest that additional research employing well-controlled, large-scale studies is required to better understand the fundamental characteristics of cfDNA in dogs; they also point to the need for standardized, reproducible methods for blood collection, extraction, and measurement of canine cfDNA. Such standardization will be critical for the successful transfer of cfDNA-based technologies such as liquid biopsy—currently limited to the human space where such methods are well established—to routine clinical use in veterinary medicine.

To provide the highest clinical value, a liquid biopsy test should be able to detect multiple classes of cancer-associated genomic alterations (described above) in cfDNA with high accuracy, even at very low concentrations in the circulation. Furthermore, the biology of cfDNA uniquely facilitates the evaluation of certain genomic features in circulation that can provide additional information about the presence and the origin of cancer.

For example, it is well-known that the attachment of methyl (CH3) groups to the DNA strand at specific locations throughout the genome is associated with cancer; methylation of the promoter regions of tumor suppressor genes can inactivate the expression of these genes, allowing oncogene-driven cancers to proliferate unopposed (205). Furthermore, DNA in cells from specific organs have methylation profiles that are specific to that organ (206). When DNA from cancer cells in a particular organ is released into circulation as ctDNA, its methylation “signature” carries information about the presence of cancer and about the organ of origin of that cancer (27, 207). For this reason, NGS-based analysis of cfDNA methylation profiles has emerged as one of the most promising approaches for detecting cancer and assigning it to a specific organ of origin, which has obvious clinical benefits (27).

Another unique feature of cfDNA is the fact that it is highly fragmented according to specific patterns. In the nucleus of a cell, DNA is organized in chromosomes as an uninterrupted strand ranging in size from tens of millions to over 100 million nucleotides (or bases). However, by the time it enters circulation following cell death and nuclear DNA degradation, cfDNA has been biologically degraded into fragments that are typically less than 1,000 nucleotides in length. In both humans and dogs, much of the cfDNA exists in fragments that are ~167 bases in length, representing the length of the DNA strand between two nucleosomes plus one full wrap of DNA around the histone proteins that make up the core of the nucleosome (166, 167, 208). Furthermore, it has been shown that in humans with cancer, the fragment length of cfDNA tends to be shorter; one of the key observations that have led to fragment profile analysis becoming an emerging method to improve the sensitivity for cancer detection. In addition, fragmentation features in cfDNA can also encode information about the organ of origin (209–213). As a result, fragmentomics – like methylomics – has the potential to extract unique information from cfDNA that points to both the presence of cancer and its organ of origin (214).

Emerging methylomic and fragmentomic methods leverage features that are unique to circulating tumor DNA and offer additional possibilities for the detection and characterization of cancer in circulation. However, the canine methylome has not been comprehensively characterized, which means that significant research will have to be performed before methylomics-based liquid biopsy solutions can be offered for oncology applications in dogs. Likewise, the canine cfDNA fragmentome is poorly understood at this time, requiring a massive investment in research to fully understand its potential for clinical use.

Currently, the only technology that can simultaneously interrogate all the major classes of genomic alterations in cfDNA, as well as features such as methylation and fragmentation patterns, is next generation sequencing (NGS). Leading liquid biopsy assays currently in use or under development in human medicine use advanced NGS-based techniques to evaluate a broad range of alterations and features across the genome that are known to be associated with cancer. Most of these approaches do not target a particular cancer type; instead, they take a “pan-cancer” approach rooted in the premise that cancer is fundamentally a disease of the genome, and accurate analytical detection of somatic genomic alterations will lead to accurate clinical detection of a wide variety of cancer types. Assays that combine multiple classes of genomic alterations and/or orthogonal genomic features are likely to yield improved clinical performance (such as higher sensitivity and specificity) or provide additional useful information (such as organ of origin prediction and identification of molecular targets for personalized treatment) across a broad range of cancer types. The past few years have also seen the debut of multi-omic liquid biopsy approaches that combine (for example) genomic and proteomic methods, breathing new life into protein analysis as a valuable adjunct to cfDNA analysis (26, 28). Similar combinatorial strategies will likely be required for the successful development of a pan-cancer liquid biopsy test for dogs.



Clinical Use Cases and Clinical Utility of Liquid Biopsy in Cancer

Liquid biopsy promises the convenience of a blood draw combined with the power of genomic technology. It is unlikely to fully replace the key role that traditional tissue biopsy plays in veterinary cancer diagnosis and management, but the non-invasive nature of liquid biopsy, coupled with its ability to detect tumor signal from any malignant mass in the body, should allow it to provide immediate value in several clinical scenarios once it becomes commercially available. In humans, liquid biopsy has demonstrated feasibility and great clinical potential across multiple use cases, spanning the entire continuum of cancer care; a similar spectrum of applications is in principle available for veterinary uses of the technology (Figure 7).
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FIGURE 7. Clinical use cases for liquid biopsy in cancer. Liquid biopsy can be used to inform multiple decision points along the entire continuum of cancer care: (1) Cancer screening at regular intervals in patients deemed to be at higher risk for cancer based on age and/or breed; (2) Aid in diagnosis in patients who present with clinical signs (including incidental findings on imaging or laboratory tests) that are suspicious for cancer; (3) Targeted treatment selection based on the unique mutational profile of the tumor in patients diagnosed with cancer; (4) Minimal residual disease detection following a curative-intent intervention (such as surgery); (5) Treatment response monitoring at regular intervals during extended-duration therapeutic regimens; (6) Recurrence monitoring at regular intervals after complete remission or presumed cure.


Prior to a cancer diagnosis, liquid biopsy can provide valuable information in (1) presumably cancer-free patients as a screening test, and (2) in patients with clinical signs suspicious for cancer as an aid in diagnosis. Upon confirmation of a cancer diagnosis, liquid biopsy can be used to (3) identify a personalized treatment path based on the mutational profile of the tumor for targeted treatment selection; and (4) if the patient is to undergo a curative-intent intervention (such as a surgical procedure), a liquid biopsy immediately following the intervention can be used to test for minimal residual disease. After initiation of a longer-term therapy, such as chemotherapy or radiotherapy, liquid biopsy can be used (5) at regular intervals for treatment response monitoring. Finally, once a patient completes their course of treatment and is determined to be cured or in complete remission, liquid biopsy testing at longer intervals can be used for (6) recurrence monitoring. Each of these use cases, and their potential applicability in dogs, are described in more detail below.


Screening

Certain dog breeds are known to be more predisposed to cancer than others, presumably due to cancer-predisposing mutations that have become concentrated in the population over time as a result of the breeding process; however, the germline mutations responsible for most of these cancer predispositions are not as well-understood as in humans. It is also well-established that, just as in humans, cancer incidence in dogs increases with age (3). In a large fraction of cases, cancers in dogs are diagnosed at advanced stages after they have spread beyond the organ of origin, when prognosis is poor and the ability to extend life by treatment is limited (12–16). A liquid biopsy-based screening paradigm focused on high-risk populations, such as dogs from predisposed breeds or from geriatric populations, could help identify many of these cancers earlier. Early detection has been shown to drive better clinical outcomes in humans, such as increased life expectancy and higher rates of achieving complete remission following curative-intent interventions (e.g., surgery); historically, this has provided the rationale for well-established screening programs such as colonoscopy, mammograms, Pap smears, PSA screening, and low-dose CT scans (183, 215–217). Liquid biopsy solutions for universal cancer screening in humans are nearing commercialization (216, 218–220), and some of these assays have also shown potential for predicting the organ of origin of the tumor, facilitating the path to a definitive diagnosis (27, 28, 221–223).

State-of-the-art liquid biopsy assays currently in development for pan-cancer screening in humans have demonstrated detection rates (sensitivity) for early-stage cancer ranging from ~20 to 70% across multiple cancer types, at specificities of 98 to >99% (false positive rates of 2 to <1%) (27, 28, 211). High specificity is particularly important in cancer screening, given potential harms resulting from the diagnostic work-up of false positive screens, and from diagnosis and treatment of cancers that may never have become clinically apparent without screening (overdiagnosed and overtreated cases) (224). Screening results implying the possibility of a cancer diagnosis can also impose a considerable psychological burden on people who receive false positive results (225, 226), and it is reasonable to assume that pet owners would likewise experience distress as a result of false-positive cancer screening results in their companion animal.

A recent health economic modeling study revealed that adding an annual universal cancer screening test to the current standard of care in human medicine would reduce late-stage cancer incidence by 78% in those intercepted by the screening test, and result in an absolute reduction of 26% in all cancer deaths (227). The practice of screening at regular intervals relies on the concept of “cumulative detection” to improve the clinical sensitivity over time at the population level, as sequential testing holds the benefit of detecting cases missed on initial screening (108, 109, 228). Ultimately, this technology may support cancer screening in lower-risk canine populations as well, comparable to how NIPT technology expanded beyond high-risk cases to encompass all pregnancies in humans (229).



Aid in Diagnosis

One of the most common scenarios in which liquid biopsy may add value in the veterinary clinic is as an aid in diagnosis, when cancer is suspected due to clinical signs (including incidental findings on imaging or laboratory tests) or clinical history. Due to the high-risk nature of this patient population, this scenario is likely to provide the initial opportunity for liquid biopsy to be deployed in veterinary medicine. In some cases, clinical signs may be non-specific and not localizing to a certain anatomic site; whereas in other cases an anatomic site may be evident, but the invasive procedures required to obtain tissue for diagnosis may carry a high risk of complications, or the suspected mass is inaccessible by biopsy or surgery. In such cases, liquid biopsy could significantly shorten the time to a definitive diagnosis and help avoid the challenges typically associated with a long diagnostic odyssey. Often, elucidation of such clinical cases requires additional appointments, time, and expense; and diagnosis may be delayed or missed completely. Many pet owners may decline biopsy or exploratory surgery due to the associated risks and cost, missing the opportunity to obtain an adequate diagnosis and select an appropriate treatment. A liquid biopsy can be conveniently performed from a routine blood collection drawn during the initial visit when cancer is first suspected, potentially saving time and money while increasing compliance.

In both the screening and the aid in diagnosis use cases, liquid biopsy can facilitate earlier detection of cancer compared to the current standards of care. In addition to improving outcomes, earlier diagnosis can mitigate the financial burden of treatment, making it a cost-effective paradigm both at the population level and at the level of individual patients. Health economic studies have shown that treatment costs for human cancer patients diagnosed early in the disease course to be 2 to 4 times less than for those diagnosed at later stages (216, 217). Treatment for early-stage cancer typically consists of localized resection, which is often curative and has a short recovery time (28); whereas treatment for late-stage disease involves repeat courses of chemotherapy or radiation therapy aimed at extending life rather than achieving a cure. Availability of an affordable and convenient liquid biopsy testing option for proactive serial screening of dogs at high risk of cancer, or for first-line evaluation of canine patients suspected of cancer, could reshape the clinical and economic landscapes of pre-diagnostic cancer management in veterinary medicine.



Targeted Treatment Selection

In situations where surgical interventions are not feasible, other therapeutic options may be utilized, either with curative intent or as a chronic treatment to extend life and/or improve quality of life. In such cases, selection of a specific therapy may be based on established clinical practice guidelines; however, an emerging area in human medicine, often designated by the terms “precision medicine” or “personalized medicine,” aims to utilize the genomic signature of an individual's cancer to select specific targeted therapies (230, 231). For humans, there are over 200 FDA-approved drugs for the treatment of cancer (232) including a subset of more than 50 drugs matched (or “targeted”) to specific genomic alterations in a tumor, with many additional targeted-treatment candidates in various phases of development (233–235). For dogs, there are only two drugs that are FDA approved at the time of this writing for the treatment of cancer - toceranib (Palladia™) and tigilanol tiglate (Stelfonta®), with two more drugs - rabacfosadine (Tanovea®-CA1) and verdinexor (Laverdia™-CA1) - available under a conditional FDA approval (236). In the EU, the European Medicines Agency (EMA) has approved toceranib, tigilanol tiglate and mastinib mesylate (Masivet®) (237). Of these approved or conditionally approved drugs, only toceranib (a multi-kinase inhibitor that inhibits c-kit, PDGFR, and VEGFR2), and mastinib (a c-kit inhibitor) can be used as a targeted drugs linked to specific genomic features of a tumor, as improvements in tumor response (43, 238) and outcome (239) have been demonstrated for tumors with an activating kit mutation; however, many targeted drugs used to treat human disease are currently used off-label in dogs (236, 240). Many compounds developed (and FDA-approved) for use in humans underwent preclinical safety testing in dogs; significant safety and dosing data are thus available to help inform the treatment of canine cancer patients with these agents (241).

State of the art liquid biopsy approaches have the potential to comprehensively evaluate the genomic signature of a patient's cancer directly from blood – the final common pathway for ctDNA derived from all tumor subclones in the patient's body; this unique capability makes therapy selection based on liquid biopsy results less susceptible to treatment selection bias resulting from tumor heterogeneity, a bias that is unavoidable when a tumor is only sampled by a single tissue biopsy. Liquid biopsy results could be used for targeted treatment selection, especially for treatments where the genomic alteration targeted in humans has a direct ortholog in the canine genome. This could lead to more rapid and widespread utilization in canine cancer patients of targeted therapies currently approved for human use. The availability of liquid biopsy assays, as subject selection tools during the drug development process and as companion diagnostics following regulatory approval, can also accelerate the development of canine-specific targeted therapeutics; ultimately this will likely be the preferred path to bringing targeted treatments into veterinary oncology, as human-oriented targeted treatments might not have the same efficacy in canine cancer even if the targeted genomic alteration is perfectly homologous across the two species (242).



Minimal Residual Disease (MRD) Detection

After curative intent treatment (such as surgery) has been performed to remove the tumor, adjuvant therapy is often considered because of the risk of malignant deposits remaining in the body and resulting in relapse (or recurrence) in the future (243). MRD is defined as occult malignant disease that exists immediately after surgery and is undetectable by conventional methods; however, it can often be detected by the presence of ctDNA in the circulation (244, 245). The short half-life of cfDNA (minutes to hours in both humans and dogs) makes it an ideal analyte for MRD testing, as detection of any amount of ctDNA starting within a few days after surgery would point to the persistent presence of malignant disease in the body (168, 169). Many cancer types in humans have been studied in the context of MRD detection, including breast, pancreatic, lung, nasopharyngeal, and colorectal, as well as hematological malignancies (246, 247). In colorectal cancer for example, MRD detection has strong prognostic value, as patients with undetectable ctDNA post-operatively have significantly improved recurrence-free survival compared to those with detectable ctDNA in plasma (178, 244). In fact, detectable ctDNA post-operatively has a stronger prognostic association than many of the other traditional high-risk pathological and clinical features typically used by oncologists when considering adjuvant chemotherapy for patients with stage II colon cancer (246, 248). Similarly, the adoption of liquid biopsy-based MRD testing for canine patients could be used to inform the clinician about the relative risk of recurrence following curative-intent interventions, and thereby guide decisions regarding initiation of adjuvant treatment as soon as the patient has recovered from surgery.



Treatment Response Monitoring

Traditionally, treatment response monitoring has been performed by clinical observation and by imaging (mainly ultrasound and radiography, in the veterinary setting). Formalized procedures for documenting treatment response in dogs, such as the Canine Response Evaluation Criteria for Solid Tumors (cRECIST v1.0), have been published based on these methods (249, 250). However, reliance upon imaging alone for ascertaining treatment response has significant shortcomings. There are well-documented high inter-observer variabilities with imaging approaches in both dogs and humans, which can complicate the interpretation of imaging studies read by different radiologists (251–256).

In addition, hyperprogression (faster-than-expected tumor growth while under treatment) (257) and pseudoprogression (an initial apparent increase in tumor size or appearance of a new lesion on imaging during treatment, followed by tumor regression) (258, 259) can confound the interpretation of imaging for evaluation of treatment response. Lesion growth observed on imaging after treatment initiation may be due to advancing disease (secondary to ineffective treatment), an inflammatory response (resulting from tumor destruction by the treatment or from a direct side effect of the treatment), or simply ongoing tumor growth in the setting of a delayed treatment effect (257). Due to these complexities, real-time monitoring of tumor dynamics via serial liquid biopsy testing may help the clinician differentiate among these challenging scenarios and obtain more frequent updates on the patient's response to treatment than might be feasible with imaging alone.

The concentration of ctDNA in plasma can serve as a surrogate for the overall tumor burden (161), and patients with undetectable ctDNA after treatment are more likely to have had a complete response (178, 248, 260). Furthermore, the precise genomic variants in an individual's cancer can be used to follow the efficacy of the treatment in real time. This monitoring for treatment response may be useful regardless of the treatment modality (e.g., IV vs. oral chemotherapy, radiation, etc.). Since many chemotherapeutics are costly and typically require multiple clinic visits (20, 261), a ctDNA-based treatment response monitoring approach can offer significant value by detecting treatment response or treatment failure sooner than imaging or clinical observation would. This earlier detection may allow for early discontinuation of non-efficacious therapies in favor of alternate therapies that might have a better efficacy profile; or it may reassure the pet owner to continue a course of successful treatment even if clinical improvement is not readily apparent, or when a mixed clinical picture raises the question of disease progression vs. side effects of an otherwise efficacious treatment.

Monitoring for treatment response will also likely yield insights into the genomic evolution of tumor clones under the selective pressures of treatment—for example, the emergence of resistance mutations, or the emergence of new genomic variants potentially targetable by a different drug (262–264). Such molecular insights into tumor evolution are currently possible with standard tumor biopsy; however, even if molecular profiling of tumor tissue were widely available, longitudinal monitoring through repeat tissue biopsies would not be feasible in actual practice due to clinical, ethical, and financial considerations. Compared to current methods for monitoring treatment response, liquid biopsy would represent a complementary tool to better understand the evolution of the tumor, and its non-invasive nature could pave the way for liquid biopsy to become a routine monitoring test during cancer treatment in dogs.



Recurrence Monitoring

Even in patients who are thought to have achieved complete remission or a cure following successful treatment, the possibility of disease recurrence remains an ever-present concern. Sequential cfDNA testing during the post-treatment period aims to detect residual disease at a pre-clinical stage and flag a “molecular relapse” well before clinical relapse becomes otherwise evident (246). Many recent studies have described the use of liquid biopsy to identify human patients with molecular relapse many months before clinical or radiological relapse (246). Early identification of cancer relapse may help guide treatment and management decisions in canine patients as well, with the goal of improving clinical outcomes through earlier adjuvant therapeutic intervention.





DISCUSSION AND A LOOK TO THE FUTURE

Development of high-quality liquid biopsy tests for dogs comparable to those currently available for human testing has the potential to revolutionize the detection, characterization, and management of cancer in pets. However, the challenges involved in such development are significant. To observe cancer-related genomic variants at low concentrations in blood, the assay must interrogate a large number of cfDNA fragments, the majority of which will not be tumor-derived. This drives the need to focus on genomic regions of known clinical relevance for cancer. Pending results from large-scale discovery efforts across all major canine cancer types, these clinically-relevant genomic regions can only be identified from the—limited—available literature describing genomic alterations in canine cancers, or by homology mapping from the much more substantial human knowledge base. Identifying high-confidence orthologous regions in dogs for the top cancer-related regions in humans is non-trivial and will require significant effort and expertise.

After defining the genomic regions and features of interest, the process of developing a robust assay to detect low ctDNA signal presents a number of challenges, including: (1) optimizing best practices for the collection and isolation of cfDNA from canine plasma; (2) optimizing enrichment of targeted genomic regions; (3) maximizing the signal-to-background ratio of tumor-derived ctDNA vs. non-cancer cfDNA during data analysis; and (4) establishing a normal reference baseline, so that a signal indicative of cancer can be confidently segregated from random signals in patients without cancer who may have other clinical conditions that also could present with cancer-like signatures. For example, a well-documented challenge in the human liquid biopsy field is posed by the presence of clonal hematopoiesis of indeterminate potential (CHIP), also known as age related clonal hematopoiesis (ARCH) and defined as the accumulation of somatic mutations in hematopoietic stem cells that are clonally propagated to their progeny, a process that is associated with aging (265, 266). This phenomenon has not yet been documented in dogs, but it is reasonable to expect that it could also be a confounder in canine liquid biopsy, requiring sophisticated approaches to mitigate the impact on the false positive rate of such tests.

An analytically robust and clinically accurate liquid biopsy assay for use in canine patients will be highly complex, potentially generating billions of data points (base reads) for each test from NGS data; and will require extensive analytical and clinical validation to demonstrate reliability and clinical performance. Although the veterinary diagnostics space is not subject to the extensive regulations that apply to human diagnostics, it is imperative that any candidate liquid biopsy solution undergo validation at a level similar to that expected for human use, to maximize benefit for veterinary patients and clinicians. Clinical validation should be performed in adequately sized cohorts of canine subjects with a variety of cancers as well as presumably cancer-free canine subjects, to demonstrate both high sensitivity (few missed cases of cancer) and high specificity (few false positives). The results of such studies should be published in peer-reviewed journals so that the veterinary community is able to review the full corpus of supporting data before starting to use liquid biopsy tests in routine practice.

As liquid biopsy solutions become available in veterinary medicine, the clinical paradigm can be expected to shift in order to accommodate the inclusion of additional information afforded by the new modality; over time, veterinarians will develop an informed appreciation for the clinical utility of liquid biopsy in each care setting and incorporate this new tool judiciously into their clinical algorithms. Specifically, screening and aid in diagnosis will likely show the most immediate clinical utility for liquid biopsy by shifting diagnosis to an earlier timepoint when clinical outcomes are superior. In addition, the use of liquid biopsy for detection of minimal residual disease and for recurrence monitoring promises to provide an earlier opportunity to determine if a curative-intent intervention (i.e., surgery) was successful – and to inform the timely use of adjuvant treatments if the disease has not been eradicated. Finally, as more treatment options become available in veterinary medicine in the form of targeted therapies aimed at specific genomic alterations, the standard of care may evolve to include liquid biopsy as a routine pre-treatment selection step, and as a complement to imaging for evaluating response to treatment.

Liquid biopsy solutions based on cfDNA analysis are well-positioned to revolutionize certain aspects of cancer care in veterinary medicine by enabling safe, non-invasive testing at frequent intervals as dictated by the needs of each clinical case. However, liquid biopsy is not a panacea for all the challenges facing veterinary cancer management, and limitations exist. Certain tumors may not shed sufficient ctDNA into circulation to allow for confident detection and characterization of the disease by liquid biopsy; this can happen with smaller sized tumors in early disease, or with certain malignancies that tend to release lower levels of ctDNA into the bloodstream (such as tumors of the central nervous system) (161, 267). Also, the novelty of liquid biopsy means that extensive education will be required before its use can become widespread in the veterinary community, presenting a practical limitation to the speed and extent of adoption. Finally, the economics of a liquid biopsy-based approach to veterinary cancer diagnostics are yet unknown, which can present challenges – especially in the early years. In some use cases, such as aid in diagnosis when cancer is already suspected on clinical grounds, liquid biopsy may offer obvious cost advantages over invasive diagnostic procedures; in other cases, the economic value of liquid biopsy may be less apparent, such as with annual screening of dogs who will never go on to develop cancer, or with testing for targeted treatment selection when the only available options are off-label human therapeutics that have not been directly shown to be efficacious in canine cancer. Pricing considerations will certainly play an important role in the overall economics of the emerging liquid biopsy paradigm; ongoing decreases in the cost of sequencing, rapid improvements in assay design and automation, volume-driven economies of scale, and competition among providers should all contribute to favorable developments in pricing, making liquid biopsy an increasingly affordable testing option for pet owners.

Tumor tissue analysis is likely to remain a core component of the standard of care, especially for cases where malignant masses can be easily sampled by biopsy or surgery. Traditional tissue histopathology can provide unique and highly valuable information, such as: establishing a definitive diagnosis of cancer; determining aggressiveness and prognosis; and selecting a treatment – this being especially useful in cases where genomic analysis of the tumor does not provide any obvious targeted treatment options. As experience with liquid biopsy builds within the veterinary community, this new testing method may prove to be a replacement for older methods in some cases but is more likely to establish itself as a complementary or backup method alongside existing approaches, expanding the overall ability of the clinician to provide the most personalized care to each patient.

The genomic revolution has already had a marked impact on cancer care for human patients and is poised to revolutionize veterinary medicine in a similar manner in the coming years. As genomics becomes a routine part of veterinary care, expansion into multi-omic liquid biopsy approaches is likely to follow, including epigenomics (methylation and histone-modification analyses), transcriptomics (gene expression, micro RNAs), proteomics (tumor markers, other peptides), metabolomics, fragmentomics, etc. (121, 214). When combined, these orthogonal datasets will enable a multidimensional view of the cancer in real-time, enabling delivery of the highest quality of care. The introduction of high-quality, clinically validated pan-cancer liquid biopsy tests into the realm of veterinary medicine has the potential to substantially impact every step along the clinical journey of a canine cancer patient, from early detection to recurrence monitoring.

Long known as “man's best friends,” dogs live much shorter lives than humans, yet they form exceptionally close bonds with their human companions as well as with other pet dogs in the family; the loss of a pet dog often has a devastating emotional impact on the surviving family members, whether humans or other pet dogs (268–270). Cancer is by far the single most common cause of death in dogs, and having a pet companion that is fighting a losing battle with late-stage cancer is particularly difficult for families because of the financial strain of managing the disease in its final stages, and because the process is often drawn out over weeks or months and may involve considerable physical pain for the patient (271–273). The decision to euthanize a pet family member is one of the most difficult decisions a family will make. As veterinary medicine stands on the threshold of the new era of genomic medicine, novel tools – convenient, affordable, non-invasive, and widely available – will enable veterinarians to routinely screen for cancer and detect it early, when it can be cured; pursue rapid diagnosis of cancer as soon as the disease is suspected; and select targeted treatments and monitor for response and recurrence after a diagnosis has been made. These new tools will allow countless families to spend more time with their beloved pet family members and will further empower veterinarians to honor their professional oath to use their “scientific knowledge and skills for the benefit of society through the protection of animal health and welfare. [and] the prevention and relief of animal suffering” (274).

Humans have benefited extensively from medical advances that were first trialed in our canine sidekicks. By implementing lessons learned from recent genomic advances in cancer care for humans, we can now raise the level of cancer care for our canine companions as well. It is fitting to consider that widespread adoption of liquid biopsies in veterinary medicine may represent an upcoming historic opportunity to repay our “best friends” for their many prior contributions to our well-being.
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Prostatic cancer (PC) stands out in terms of its occurrence, pathophysiology, and unfavorable prognostics in humans and dogs. Natural drugs bear an integrative potential for conventional antineoplastic treatments. In this context, the bioproducts of Synadenium grantii have been empirically used in different parts of Brazil for the integrative treatment of prostate cancer in humans. However, there is no availability of scientific evidence of the antitumor effects of S. grantii. Therefore, this study aimed to investigate the bioactive compounds in the latex of S. grantii using the high-resolution mass spectrophotometry (HRMS) and to evaluate its cytotoxic effects on primary canine PC cell cultures. Four fragments of phorbol ester were identified as potential bioactive compounds using the HRMS. With the help of an MTT ([3-(4,5-dimethyldiazol-2-yl)-2,5 diphenyltetrazolium bromide]) assay, two canine prostatic carcinoma cell lines (PC 1 and PC2) showed a decrease in the tumor cell count, with an Inhibitory concentration 50 (IC50)of 0.8469 and 0.6068 mg/ml, respectively, for PC1 and PC2. In conclusion, the latex of S. grantii contains phorbol esters in its composition, and its aqueous solution has a cytotoxic effect on canine metastatic PC cells in vitro.

Keywords: dog, cell culture, prostate cancer model, janauba, neoplasia, prostate


INTRODUCTION

Prostate cancer (PC) is one of the most important problems worldwide. Most recent statistical report in the USA demonstrated that PC is the most common cancer among men excluding skin cancer. The 2020 cancer statistics also highlighted that one of five men may develop PC cancer (1). Recent release of the Global Cancer Observatory (2) pointed out that PC is one of the main leading causes of malign neoplasia-related cancer deaths in humans next to lung cancer and female breast cancer. It is the second most frequently occurring cancer among males and its occurrence has grown vertiginously throughout the globe (2). Due to its importance, several models, including PC spontaneous models, have been proposed (3). Dogs and humans are the only species in which PC occurs spontaneously, thus spontaneous canine PC has been used in comparative studies (3, 4) Canine PC has a low incidence but is characterized by its aggressive behavior, metastatic at diagnosis and poor outcome (5, 6). In addition, it is usually unresponsive to the androgen stimulation due to a lack of androgen receptor (AR) (3). Thus, dogs can be considered as an important model for the human androgen-independent PC (4, 7). Although dogs can be considered as a model, the veterinary literature is focused on comparative morphological characters, and the information on the molecular pattern of canine PC is limited (3, 4). Moreover, a very limited number of studies have investigated the antitumor effect of different compounds on the preclinical models of canine PC (8, 9). Thus, the evaluation of new potential drugs for preclinical models can benefit both dogs and humans.

Usually, anticancer drugs used in the conventional chemotherapy are originated from natural compounds, such as vinca alkaloids (10). Currently, 60% of the drugs for the anticancer therapy are sourced naturally, including from plants, microorganisms, and marine organisms (11). Selective and effective treatments, as well as new mechanisms to limit the illness progression, have been the goal of researchers for the development of anticancer agents (12). Thus, the plant-derived products are the sources of substances used in chemotherapy and other drug therapies (11, 13). A large number of natural active agents are present in cancer therapies (14, 15) because of their structural models and unique action mechanisms. The drugs obtained from natural products can be used as the drugs of primary chemotherapy (16), chemopreventives (17), or chemosensitizers, with the effects synergistic to the conventional chemotherapy (18). However, before using these compounds in clinical practice, the antitumor response and toxicity should be evaluated by in vitro models.

Brazil has a great natural plant biodiversity with a great potential to identify natural products with therapeutic properties (19). Most of the used plants are based on popular medicine, where people describe plant potentials to heal diseases without any scientific evidence (11). Among those plants, Synadenium grantii Hook F. (Euphorbiaceae) has been proposed to have an antitumor effect on human PC. The latex of S. grantii has been empirically used to treat allergic and gastric disorders and cancer (20). It is commonly administered orally in a solution diluted in water to treat malignant neoplasia. The latex of S. grantii is rich in non-polar substances (21, 22) and its activity against tumor cell lines has already been demonstrated (23–25). However, there is no finding of clinical evidence on the effect of the latex of S. grantii on patients with cancer. Based on this scenario, new studies are required for investigating such an effect on cancer cells. As dogs are considered as a model for human PC, the evaluation of the latex of S. grantii in canine cancer cell lines can be considered as a preclinical model, allowing future clinical studies in dogs. Unfortunately, no standard treatment has been tested on PC-affected dogs. Instead, chemotherapy with doxorubicin or carboplatin associated with non-steroidal anti-inflammatory drugs are commonly used (26). Thus, investigating new compounds for preclinical models can provide a new perspective. Therefore, this study aimed to investigate the bioactive compounds of the latex of S. grantii and evaluate its effects on canine PC cells as a preclinical model of canine PC.



METHODS


Ethics Statement

This research was approved by the Research Ethics Committee of the Federal University of Goiás (CEP/UFG, protocol no. 2.269.572) and by the Ethics Commission for Animal Use of the São Paulo State University Júlio de Mesquita Filho (CEUA/UNESP, protocol no. 0004/2017).



Plant Material

A fresh sample of the latex of S. grantii was collected in July 2018, in Nerópolis, Goiás, Brazil (16°24′31.8″ S, 49°13′11.3″ W, 812-m altitude) after cleaning and transverse cutting of the plant stem. The sample was acclimatized in a 50-ml Falcon tube and kept at 4°C. An exsiccate was prepared and deposited at the Herbarium of the UFG, under number 65903. Portion of the sample was used in the physicochemical characterization test and in the identification of active compounds. For in vitro and in vivo studies, 1 g of latex was dissolved in distilled water into a 10 ml final stock solution according to Luz et al. (27). Then, a decrease in concentrations was made, and new stock solutions with concentrations of 0.75, 1, 1.5, 3, and 6 mg/ml were originated.



Physicochemical Characterization of the Latex of S. grantii Latex

Relative density of the latex was determined by a pycnometer method, weighing 10 ml pure latex in an AG200 analytical scale (Gehaka®, AG 200). The method was performed according to AGÊNCIA NACIONAL DE VIGILÂNCIA SANITÁRIA (28). Briefly, the relative density was the ratio of pure latex sample and distilled water weights. The same 10-ml sample was used in the other assays, including pH and humidity measurements, as well as the screening of phenolic and alkaloid compounds.

The pH was obtained by using a pH microprocessor (Marconi®, MA 522). Humidity was determined in the three 1-g latex samples by a desiccation loss analysis, using a moisture analyzer (Shimadzu®, MOC63u). For the detection of phenolic compounds, 1 ml of latex diluted in 10 ml distilled water was used, with the solution being heated for 5 min. Then, four drops of 4.5% ferric chloride were added, with hydroxyls determined qualitatively by evaluating dark precipitate in the solution.

Alkaloids were detected by diluting 2 g of the latex in 20 ml of 5% sulfuric acid. The solution was heated for 3 min, and drops of iodized and complex polyacids reagents were added to independent samples. Then, Mayer's reactive (potassium tetra-iodine mercurate), Dragendorf reactive (potassium iodine-bismuthate), Bertrand reactive (1% silico-tungstic acid), Hager reactive (2% picric acid), and 1% tannic acid were used.



S. grantii Latex Phytochemical Research by High-Resolution Mass Spectrometry

A latex sample was subjected to the HRMS to identify 3,4,12,13-tetraacetylphorbol-20-phenylacetate, a compound previously isolated from S. grantii plants (29). Another sample was used to check whether the latex contain 12-deoxyphorbol 13-phenylacetate 20-acetate (dPPA). Lyophilized standards of both compounds were used for a comparison with the latex samples.

High-resolution mass spectrometry of latex samples and 3,4,12,13-tetraacetylphorbol-20-phenylacetate and dPPA standards were acquired by direct infusions, using the Q-Exactive (Thermo Fisher Scientific, Waltham, MA, USA) mass spectrometer, with the H-ESI (Thermo Fisher Scientific, Waltham, MA, USA) as a source. The equipment was operated in a positive mode under the following conditions: full scan (m/z 200–800), spray voltage of 3.5 kV, resolution of 70,000, 10 μl/min flow, sheath gas at 15 (arbitrary units), auxiliary gas at 2 (arbitrary units), capillary temperature of 32°C, auxiliary gas temperature of 37°C, and tube lens at 50 (arbitrary units).

Latex and standard samples were prepared in different ways. About 500 μl methanol and water (1:1) were added to a 0.5-ml S. grantii latex sample, and the solution was then subjected to an ultrasound for 3 min, filtrated, and acidified with formic acid.The standard sample of phorbol esters was prepared with methanol solvent and was prepared at a concentration of 10 ppm without acidification. The results were analyzed by using the Therm Platform, which allowed viewing of the total ion chromatogram at a range of 200–800 m/z. The compounds were evaluated by using a latex sample and phorbol ester standard fragments subjected to an impact analysis by electrospray mass spectrometry. Used solvent, mass number, carbons and unsaturation, Na+ and H+ gains, and H+ loss were all considered. A “blank” was performed to confirm whether processed ions were obtained from the sample or the solvent.



Canine Prostate Cell Culture

Two canine prostate cancer cells lines (PC1 and PC2) were used in this study. PC1 was established from a 10-year-old, intact, mixed breed dog with non-metastatic PC (Gleason 10) and PC2 from an 11-year-old, intact, poodle dog with metastatic PC (Gleason 10). Cell morphology and phenotype were previously determined with both cell lines being negative for the nuclear AR expression, positive for prostatic-specific antigen (PSA) and pan-cytokeratin (AE1/AE3), and negative for uroplakin III, vimentin, and P63 (30).

PC1 and PC2 were used at passage 15 (P15) and cultured in a PrEBM medium (Lonza, Basel, Switzerland), supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA), with 1% penicillin-streptomycin solution (Sigma, Portland, OR, USA), in a humid atmosphere at 37°C and CO2 at 5%. To confirm the cell phenotype, PSA and AR immunofluorescence analyses were performed according to Costa et al. (30). Briefly, sterile circular coverslips (15 mm, Knitell) were placed at the center of each plate well with 12 sterile wells. A total of 1 × 105 cells were sown in 250 μl of PrEBM medium (Lonza, Basel, Switzerland), supplemented with 10% FBS and incubated in a moist chamber at 5% CO2 and 37°C. When adherent cells reached 50% confluence, the medium was removed, and the cells were washed thrice with PBS and fixated with chilled methanol (4°C) for 15 min, followed by a permeabilization with the anionic surfactant solution Triton-X 0.25% (Sigma, Portland, OR, USA). The cells were incubated for 45 min with FBS at 3% in PBS and then used as a blocking solution. Afterward, they were incubated with rabbit polyclonal anti-PSA (Biorbyt, Cambridge, UK) and anti-rabbit polyclonal AR (1:50) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Finally, the cells were incubated by using Alexa Fluor 484 (Invitrogen, Carlsbad, CA, USA) diluted at 2 μg/ml. The slides were counterstained with 4′-6-diamidino-2-phenylindole (DAPI; Sigma, Portland, OR, USA). The coverslips were analyzed by using a confocal laser scanning microscope TCS SP 5 (Leica), and the images were captured by using the Leica Application Suite Advanced Fluorescence (LAS AF) software.



Treatment and Cell Viability of the Latex of S. grantii

PC1 and PC2 cells were cultured for 24 h in 96-well plates, at 1 × 104 cells/well, in a humidified incubator at 37°C and 5% CO2. Treatments of the latex of S. grantii were performed by using the samples of 0.75, 1, 1.5, 3, and 6 mg/ml, which were evaluated at 24 (G24), 48 (G48), and 72 h (G72). Negative control and blank groups were preformed according to Chaves et al. (31). After treatments, the media were discarded, and 10-μl MTT [3-[4,5-dimethylthiazol-2-l]-2,5-diphenyltetrazolium bromide, Sigma Aldrich, Portland, OR, USA] solution was used while maintained for 3 h in an incubator according to the manufacturer's recommendation. Thereafter, 100-μl solubilizing solution was added to each well. The plate was homogenized for 10 min, and optical density readings were performed in a microplate reader (Expert Plus, 595 nm). We determined the concentration at which 50% of the cell viability is inhibited [Inhibitory concentration 50 (IC50)] (32). Three independent experiments were performed thrice.



Statistical Analysis

Descriptive statistics was performed, which describe qualitative outcomes as a positive and negative expression for each marker. For the IC50 determination, a dose-response curve was performed by using the GraphPad Prism v.8.1.0 (GraphPad Software Inc., La Jolla, CA, USA), at 5% significance level (p < 0.05).




RESULTS


Characterization of S. grantii

The physicochemical characterization showed that the latex had a density of 1.02 g/ml and pH of 5.72.The percentage of total solids was 29.19% with 70.8% humidity. No precipitation occurred or change in coloration was noted in the sample used for a qualitative detection of phenolic hydroxyls. All reagents showed a discreet precipitation in the detection of alkaloid, which confirmed their presence in S. grantii latex samples. The standards used in the HRMS were standardized according to a technique wherein the molecular ion corresponds to its respective molecular mass. No specific molecular ion fragments characterizing the 12-deoxifolia-13-phenylacetate-20-acetate (dPPA), with m/z = 531.23 [M+Na]+, or the 3,4,12,13-tetraacetylforbol-20-phenylacetyl, with m/z 675. 27[M+Na]+z were found in the S. grantii latex.

The compounds undergoing a test were not observed in the chromatogram of the latex of S. grantii. However, the HRMS analysis showed precisely the molecular weight of fragments of other compounds in the tested latex, including [C20H22O+H-CO]+ m/z 265.15, [C20H23O2-H2O]+ m/z 277.15, [C20H25O3-H2O]+ m/z 295.16, and [C30H36O7-C6H5CH2-COOH-AcOH ]+ m/z 313.18 (Figure 1), which are all from the phorbol family.


[image: Figure 1]
FIGURE 1. Peak generated in the mass spectrum (HRMS) of the latex of Synadenium grantii by magnifying the general chromatogram and its respective structures, molecular forms, and fragment masses. Chromatograms: (A) m/z 313.17; (B) m/z 265.02; (C) m/z 277.02 and 295.03. Structure, molecular form, and fragment mass: (D) m/z 265.02; (E) m/z 277.02; (F) m/z 295.03; and (G) m/z 313.17.




Cell Phenotype and Viability After the Treatment of Latex of S. grantii

PC1 cells showed a polygonal morphology at P15 and grew in small clusters, forming cell colonies. PC2 cells also showed a polygonal morphology but grew isolated in the culture flask. In P15, cells are positive and negative, respectively, for PSA for RA (Figure 2).


[image: Figure 2]
FIGURE 2. Morphological evaluation of two canine prostatic cell lines (PC1 and PC2). Both originated from Gleason 10 PC, with cribriform to solid morphology. In culture conditions, PC1 grew in groups, forming colonies, and tubular-like structures while PC2 grew isolated. The prostatic origin was confirmed by a prostatic-specific antigen (PSA) positive expression, and both were negative for androgen receptor (AR) expression. HE, hematoxylin and eosin; PC, phase contrast.


We identified different IC50 concentrations as a function of exposure time. Overall, after 24 h exposure, PC1 had an IC50 of 0.8469 mg/ml and PC2 0.6068 mg/ml (Figure 3). Both cell lines had high IC50 at 48 h but low at 72 h (Figure 3). All tested S. grantii latex concentrations had a dose-dependent effect on PC1 cells. When comparing 3 and 6 mg/ml with the untreated group, considering PC1 and PC2 within 24 h, 6 mg/ml had the best effects (0.19 and 20 abs), followed by 3 mg/ml in PC2 (0.27 abs). But within 72 h, cell viability had no differences in either PC1 or PC2 for both latex concentrations (Table 1).


[image: Figure 3]
FIGURE 3. Determination of IC50 of PC1 and PC2 cell lines at 24, 48, and 72 h. The cell lines presented low IC50 at 24 h but high at 48 h. Then, at 72 h, IC50 decreased compared to the previous moment. The graphic representation also shows a dose-dependent response trend over time.



Table 1. Mean cell viability for canine PC1 and PC2 cell lineages per concentration and exposure time to the latex of S. grantii by a tetrazolium reduction method.
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DISCUSSION

Brazil has a great biodiversity with a potential to identify several compounds with antitumor activity based on native plants. Using technological databases, botanical taxonomists have classified plants into several kinds. In addition, advances in research have led to a finding of medicinal plants with a similar phenotype but differences in microscopic or molecular scales. Synonymy is quite common and Brazil counts with a species list, the “Lista de Espécies da Flora do Brasil” (33), which is an online list of accepted names of native species and their geographic distribution.

S. grantii is a species of the Euphorbiaceae family, also known as “milagrosa” or “janauba,” has been a scientific subject for the anticancer drug treatment since different compounds can be found in its plant material. Scientific evidence has found the anticancer activity of steroids, terpenes (diterpenes, sesquiterpenes, and triterpenes), phenolic compounds, and proteins from S. grantii (25, 27, 34, 35). Taxon evidence shows that Euphorbia umbellata (Pax) Bruyns and Synadenium umbellatum are scientific synonyms, as well as their role in anticancer drug development (27).

The use of the latex of S. grantii use as an antiproliferative agent has been experimentally demonstrated in several cancer cell culture studies. Other Euphorbia genera have been used in melanoma cell culture (25) and leukemic cell culture (36) for antiproliferative cancer research (37). In popular beliefs, the latex of S. grantii has a high antitumor effect when taking orally and is often advised for men with prostate cancer. However, no previous studies have demonstrated such an antitumor effect. Different in vitro and in vivo models have been used in a comparative oncology for preclinical research. For example, since prostate carcinoma affects both humans and dogs, the canine model has been widely accepted as a preclinical model for prostate cancer (38, 39). In addition, in recent years, several cultures of canine prostate cancer have been published, which allow testing of new drugs still in the preclinical phase (40).

Given the recent studies still on the latex of S. grantii, the first stage of our research was to characterize this latex. Previously, the density of this latex was reported to be of 1 g/ml when collected from the plant stem (41), which is close to water density and similar to what we observed. Total dissolved solids after the evaporation were not found for the latex in the literature. This parameter is useful in measuring working solutions since the water concentration in the latex must be accounted.

Plant primary and secondary metabolites are useful in determining the bioactive compounds for cancer research (42). Phenolic compounds are a group of substances with different levels of chemical complexity and are able to neutralize reactive oxygen species (ROS) (43). However, no phenolic compounds were detected in the samples of latex of S. grantii by using a qualitative analysis.

Cell morphology was analyzed to verify cell stability and confirm their phenotypes in cultures. Both cell cultures were previously characterized (30). However, we opted to confirm the AR status of cells and the cells being primary prostatic (based on PSA expression). In our study, more than 90% of the cells in both cell lineages of the canine PC-expressed PSA, which confirmed the prostatic origin of neoplastic cells. The role of androgens and the impact of early or late neutering are still controversial even though a few studies have not reported androgen effects on the canine prostate adenocarcinoma initiation or progression (6, 44, 45). In our study, AR immunoexpression was negative demonstrating androgen hormone independence for both cell lines.

We determined the IC50 for both cell lines and observed a dose-dependent response; therefore, the latex of S. grantii has antitumor activity in canine PC cells. The cytotoxic effect of plants of the Synadenium genus has been demonstrated mainly by the evaluation of plant shoot extracts (46, 47), with a few reports about it in the latex. This, in turn, has been used empirically in therapies and may be potentially dangerous due to its high toxicity, cytotoxic effects, and mutagenic potential (dose-dependent) besides its low lethal dosage to mice (110–168 mg/kg) (41, 48).

Such scientific information allied to the IC50 value of PC 1 and 2 suggests a potential effective and safe dose to be applied in future analysis. Thus, this safe dose can be tested in in vivo evaluation by using mice as a scientific model. The latex possesses a lethal action on cells at the proliferative stage (S-G2/M), which had been observed when using 1.7–7 ug latex per well in a melanoma cell culture by flow cytometry (25). Interestingly, PC2 come from a metastatic canine PC and presented an IC50 lower than PC1. In general, our results suggested an antitumor effect of the latex of S. grantii in vitro, which is important for future clinical trials involving this plant material in dogs with PC. The CAM assay showed significant results by comparing IC50 in PC1 and PC2 cells whereas metastatic cell lineage had a lower IC50.



CONCLUSION

The latex of S. grantii plants contains phorbol esters in its composition. Its aqueous solution has an in vitro cytotoxic effect on metastatic canine PC cells. Still, the latex of S. grantii should be further verified for other biological effects, such as bioactive compound identification and respective action mechanisms.
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This proof-of-concept study demonstrates that blood-based liquid biopsy using next generation sequencing of cell-free DNA can non-invasively detect multiple classes of genomic alterations in dogs with cancer, including alterations that originate from spatially separated tumor sites. Eleven dogs with a variety of confirmed cancer diagnoses (including localized and disseminated disease) who were scheduled for surgical resection, and five presumably cancer-free dogs, were enrolled. Blood was collected from each subject, and multiple spatially separated tumor tissue samples were collected during surgery from 9 of the cancer subjects. All samples were analyzed using an advanced prototype of a novel liquid biopsy test designed to non-invasively interrogate multiple classes of genomic alterations for the detection, characterization, and management of cancer in dogs. In five of the nine cancer patients with matched tumor and plasma samples, pre-surgical liquid biopsy testing identified genomic alterations, including single nucleotide variants and copy number variants, that matched alterations independently detected in corresponding tumor tissue samples. Importantly, the pre-surgical liquid biopsy test detected alterations observed in spatially separated tissue samples from the same subject, demonstrating the potential of blood-based testing for comprehensive genomic profiling of heterogeneous tumors. Among the three patients with post-surgical blood samples, genomic alterations remained detectable in one patient with incomplete tumor resection, suggesting utility for non-invasive detection of minimal residual disease following curative-intent treatment. Liquid biopsy allows for non-invasive profiling of cancer-associated genomic alterations with a simple blood draw and has potential to overcome the limitations of tissue-based testing posed by tissue-level genomic heterogeneity.
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INTRODUCTION

Non-invasive blood-based genomic profiling, often called liquid biopsy, is increasingly employed in human medicine to support cancer diagnosis and management (1, 2). It refers to the measurement of circulating biomarkers present in blood that can be used to study the genomic profiles of underlying conditions (e.g., cancer). The most commonly used form of liquid biopsy is based on analysis of cell-free DNA (cfDNA) in plasma; cfDNA is comprised of DNA fragments released by cells into the circulation through secretion, apoptosis, or necrosis (3), including cfDNA derived from tumor cells (which is known as circulating tumor DNA or ctDNA). It has been demonstrated in studies of human cancer that plasma cfDNA analysis can recapitulate the genomic profile of the underlying tumor tissue (4, 5). Additionally, it offers distinct advantages through its ability to capture the diversity of mutations derived from spatially separated sites within a primary tumor or across metastatic deposits (a fundamental biological feature of cancer, referred to as “tumor heterogeneity”) that may be missed by testing a single tissue sample from a single tumor site (6–8). Liquid biopsy enables genomic profiling of cancer cases that are difficult to biopsy, and its non-invasive nature allows it to be performed safely and repeatedly for disease monitoring. Liquid biopsy has also shown considerable potential as a multi-cancer early detection test that can be used at regular intervals (e.g., annually) for cancer screening in high-risk populations, where detection of the disease at earlier stages can result in improved clinical outcomes (9–12).

A number of studies have demonstrated the presence of ctDNA in canine plasma across multiple cancer types (13–16). The general strategy for detecting tumor-specific cfDNA relies on identifying genomic alterations specific to cancer cells and absent in healthy cells (17). Different cancer types in humans are driven by different classes of genomic alterations (18), a phenomenon that is encountered in canine cancers as well: for instance, single nucleotide variants (e.g., in the KIT gene) are frequently found in mast cell tumors (19) whereas copy number variants (gains and losses) are often encountered in canine sarcomas (20).

Here, we report results generated using an advanced prototype of a novel blood-based liquid biopsy assay (hereinafter “the test”) specifically developed for the non-invasive detection, characterization, and management of cancer in dogs. This is the first report of a next-generation sequencing (NGS) based multi-cancer early detection test designed to simultaneously interrogate multiple classes of cancer-associated genomic alterations, including single nucleotide variants (SNVs), insertions and deletions (indels), translocations, and copy number variants (CNVs), in cfDNA extracted from canine blood samples. This proof-of-concept study aims to demonstrate the potential of liquid biopsy to broadly profile tumor-derived genomic alterations, and to capture the genomic heterogeneity of multiple, spatially separated tumor clones (within the same primary site or across different metastatic sites) that would be missed by traditional single-site tissue biopsy, suggesting broad utility as a diagnostic tool in veterinary oncology.



METHODS

Eleven client-owned dogs with a variety of confirmed cancer diagnoses (including localized/regional as well as disseminated/metastatic disease) that were scheduled for surgical resection, and five dogs presumed to be cancer-free (no history of cancer and no clinical signs indicative of cancer at the time of enrollment), were enrolled across multiple care settings. All cancer subjects were enrolled under a dedicated protocol that was independently approved by the institutional animal care and use committee (IACUC) or internal review board at two veterinary centers, and all cancer-free subjects were enrolled under a separate dedicated protocol that was independently approved by the institutional clinical review board at one veterinary center; the protocols were also approved by institutional clinical review boards at the other participating sites, based on each site's requirements. All subjects were client-owned, and written informed consent was obtained from all owners.

From each patient, a baseline blood sample was collected at the time of enrollment. In 9 of the 11 patients with cancer, samples of resected tumor specimens from one or more sites within each primary tumor, and from one or more metastatic sites if available, were collected during the subsequent surgery. In three cancer patients, a post-surgical blood sample was collected 10, 15, and 189 days after surgery, respectively. Clinical and demographic data, plasma volumes, and cfDNA yields for all enrolled subjects are summarized in Table 1.


Table 1. Patient demographics and clinical history.
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Blood samples were processed with a double-centrifugation protocol to separate plasma from white blood cells (WBCs) (21–23). CfDNA was extracted from plasma using a proprietary bead-based chemistry protocol optimized to maximize cfDNA yield in canine subjects. DNA from WBC and tumor tissue samples was extracted using QIAamp DNA Mini Blood Kit (Qiagen). Sequencing libraries were generated from DNA extracted from matched tumor (if available), plasma, and WBC samples for each subject. Libraries were prepared by incorporating universal adapters and barcodes into sample DNA via ligation and universal PCR amplification. Amplified libraries were subjected to genome-wide sequencing for CNV analysis. In parallel, the libraries underwent enrichment with a proprietary method targeting selected regions of the canine genome for SNV analysis. All libraries were sequenced using an Illumina NovaSeq 6000.

All sequencing reads were aligned to the CanFam3.1 reference genome (24), and somatic variant calling was performed with a custom bioinformatics pipeline. For subjects who had only a baseline plasma sample available for testing, a proprietary algorithm to detect ctDNA based on fragment length profiles was also applied.



RESULTS

In the nine cancer patients that had tumor tissues analyzed, all nine had somatic alterations detected in tissue, based on aggregate variant calls across all available tissue samples (Supplementary Table 1). In 5 of these subjects, a subset of these variants was also independently detected in the matched pre-operative plasma sample. In two cancer patients without a tumor tissue sample available for analysis, both had somatic alterations detected in their respective pre-operative plasma sample, and both were also classified as cancer-positive by fragment length profiling. Among the seven plasma-positive cancer subjects, two had disseminated/metastatic disease and five had localized/regional disease (one with adjacent lymph node involvement and four without lymph node involvement). All four remaining cancer subjects who had no variants detected in pre-operative plasma had localized disease (two with lymph node involvement and two without lymph node involvement). No SNV or CNV alterations were detected in plasma samples from any of the five presumably cancer-free dogs, and all were also classified as cancer-negative by fragment length profiling. Full subject-level results are summarized in Supplementary Table 1.

The test detected genomic alterations in genes such as TP53, KRAS, EGFR, and PIK3CA that are frequently associated with cancer in both humans and dogs (25, 26). Homologs of some of these alterations are clinically actionable in humans; for example, both the plasma and the tissue of a cholangiocarcinoma patient (PT02) featured an EGFR p.L805R mutation, which is homologous to the human EGFR p.L858R mutation, a common target for EGFR tyrosine kinase inhibitors (27). We also detected mutations in genes that are more specifically associated with canine cancer, such as PTPN11, PDGFRA, and PDGFRB; in particular, the PDGFR protein is a target for the multikinase inhibitor toceranib phosphate (Palladia™) (28, 29), which is commonly used in the treatment of canine cancers.

Genomic profiling of spatially separated tumor tissue samples from the same subject demonstrated genomic heterogeneity across sites within the primary mass as well as across distant sites, in keeping with the polyclonal nature of cancer (17); and these different genomic alterations were collectively captured in plasma. For example, in PT04 (diagnosed with anal sac adenocarcinoma with lymph node metastases), tissue samples were collected from two different locations within the left anal sac primary tumor, and two different locations within the left sub-lumbar lymph node. Four CNVs (on chromosomes 9, 13, 18, 22) are shared across all four samples, while other CNVs are sample-specific: e.g., the CNVs on chromosomes 4 and 27 are specific to the two lymph node samples, while the CNV on chromosome 19 is specific to the two primary tumor samples. The corresponding pre-operative plasma captured most of this heterogeneity, with both shared and private (site-specific) CNV alterations from the various tumor samples reflected in cfDNA (Figure 1).


[image: Figure 1]
FIGURE 1. Individual tissue samples reveal distinct somatic copy number alterations, collectively captured in the blood-derived pre-operative plasma. Results from PT04, an 11-year-old female spayed Border Collie diagnosed with apocrine gland anal sac adenocarcinoma of the left anal sac with metastasis to a left sublumbar lymph node, are shown. Four different tumor samples were collected from spatially separated locations at two sites: the left sublumbar lymph node (two samples) and the left anal sac mass (two samples). Copy number variation analysis revealed both inter-site and intra-site tumor heterogeneity. Plasma cfDNA captured shared and private alterations from both tumor sites. All chromosomes shown were interrogated for cancer-associated genomic alterations by the test.


Apart from capturing tumor heterogeneity, the test was also able to identify residual disease in plasma after incomplete surgical resection. PT03 was simultaneously diagnosed with multiple primary cancers, including metastatic pancreatic carcinoma, hemangiosarcoma of the liver and spleen, and hepatocellular carcinoma; at surgery, five tissue samples representing primary and metastatic tumor deposits were obtained for testing. Four somatic alterations, including one SNV in NRAS, one SNV in KRAS, and two distinct SNVs in TP53, were identified across four of the five tissue samples (Figure 2), and multiple CNV alterations were also identified in most of the tissue samples. Three of the four SNVs were also detected in the pre-operative plasma sample, along with the majority of the CNV alterations. Complete histologic resection of the hepatic hemangiosarcoma, splenic hemangiosarcoma, and hepatocellular carcinoma were achieved; however, the metastatic pancreatic carcinoma was incompletely excised. This was consistent with the observation of persistent CNV and SNV alterations in the post-operative plasma sample, confirming the presence of residual disease (Figure 3A). For comparison, curative-intent resection of a cystic renal carcinoma in PT01 was complete, and the post-operative plasma sample showed no evidence of any of the somatic alterations that had been present in the pre-operative plasma or the resected tumor (Figure 3B).


[image: Figure 2]
FIGURE 2. Blood-derived plasma cfDNA captures heterogeneous alterations from five spatially separated sites across multiple organs. Results from PT03, a 14-year-old female spayed mixed breed dog diagnosed with multiple cancers are shown. Five tissue samples were collected from five distinct tumor sites: pancreas (pancreatic carcinoma), omentum (metastatic pancreatic carcinoma), spleen (hemangiosarcoma), caudate liver (metastatic hemangiosarcoma), and left lateral liver (hepatocellular carcinoma). Each tumor sample revealed a unique combination of genomic alterations (SNVs and/or CNVs), some of which were shared across multiple sites. The majority of SNV and CNV alterations were collectively captured in pre-operative plasma cfDNA.
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FIGURE 3. Analysis of post-operative blood-derived plasma cfDNA reveals residual genomic alterations after incomplete resection of tumor. Genomic alterations were detected in post-op blood samples from tumors with incomplete tumor resection but not in those with complete resection. (A) depicts pre- and post-operative plasma CNV traces from PT03, a 14-year-old female spayed mixed breed dog that had incompletely excised metastatic pancreatic carcinoma. (B) depicts pre- and post-operative plasma CNV traces from PT01, a 12-year-old male intact West Highland White Terrier that had completely excised cystic renal carcinoma. All chromosomes shown were interrogated for cancer-associated genomic alterations by the test.




DISCUSSION

This proof-of-concept study is the first to demonstrate the feasibility of using blood-based liquid biopsy to non-invasively detect multiple classes of genomic alterations in dogs with cancer, in both localized and metastatic settings. An advanced prototype of a novel liquid biopsy test, designed to interrogate multiple classes of cancer-associated genomic alterations across the canine genome, revealed alterations in plasma that were shared between different tumor sites as well as alterations that were private to individual tumor sites within a subject; these observations highlight the potential of plasma cfDNA analysis by NGS to capture the genomic heterogeneity of spatially separated tumors within individual canine cancer patients.

Importantly, among the seven patients for whom cancer was detected from blood, three had only one class of genomic alteration (either SNV or CNV) detected, suggesting that profiling multiple classes of genomic alteration improves overall detection of tumor-derived cfDNA compared to relying on just one class. Among patients for whom cancer was not detected in blood, all had localized disease; these results are consistent with the observation in humans that the proportion of patients with detectable tumor-derived cfDNA in plasma is higher in metastatic disease compared to localized disease (30). Larger studies are needed to confirm these observations in dogs.

Furthermore, our results suggest utility for liquid biopsy in detecting minimal residual disease (MRD) following curative-intent surgery. After a complete resection, tumor-specific genomic alterations should no longer be present in plasma cfDNA, whereas such alterations would persist—potentially at lower levels—following an incomplete resection.

The ability of liquid biopsy to detect genomic alterations originating from one or multiple tumor sites within a patient offers several advantages compared to traditional tissue-based testing. First, it is non-invasive and thus poses a lower risk to patients compared to biopsy or surgery. Second, it allows for a more comprehensive characterization of the full genomic landscape of the patient's malignancy, across multiple sites within the primary tumor and across metastatic deposits. This tissue-level heterogeneity, which reflects the polyclonal nature of most clinical cancers, would be otherwise difficult to evaluate in dogs due to the morbidity and expense associated with obtaining multiple tissue samples from the primary as well as metastatic sites. Furthermore, obtaining multiple tissue samples is generally not performed in dogs with gross metastatic disease, as aggressive therapy is not typically pursued in these individuals, and the invasiveness of collecting samples from metastatic lesions would cause an unacceptable level of morbidity in a patient with advanced cancer (31). A blood test to characterize and monitor malignant disease, regardless of its location(s) within the body, is less burdensome and facilitates serial testing for longitudinal monitoring of the disease.

Liquid biopsy testing can support multiple applications across the continuum of canine cancer care, including: screening (for early detection) in high-risk populations, aid in diagnosis, detection of MRD, selection of targeted therapies, and monitoring for cancer recurrence or for treatment response by serial testing; and promises to bring the power of precision oncology to veterinary practice through a simple blood draw that does not require changes to the clinical routine (17). Finally, a liquid biopsy test covering cancer-associated regions of the genome that have high homology between dogs and humans can enable identification of somatic alterations in dogs that have clinically actionable human homologs. Such insights gained from liquid biopsy based genomic profiling could be used to speed the adoption of targeted human cancer therapeutics for the treatment of canine cancer.

Widespread access to multi-cancer early detection testing would be highly beneficial for canine patients, given that cancer is by far the leading cause of death in dogs (32). The current results demonstrate the value of interrogating multiple classes of genomic alterations simultaneously in order to improve sensitivity for detection of cancer. Furthermore, to our knowledge these results are the first to suggest that fragment length profiling may provide utility for cancer detection in dogs. It is important to note that an advanced prototype version of the test was employed in the current study, and further validation in larger cohorts of cancer-diagnosed and cancer-free subjects will be required to fully characterize the analytical performance as well as the clinical sensitivity and specificity of the test.



CONCLUSION

Blood-based liquid biopsy testing—first used for non-invasive prenatal testing (33) and more recently for cancer detection and management—is becoming increasingly common in human medicine. Historically, successful advances in human medicine have been quickly adopted for veterinary use after demonstration of utility in companion animals. This study represents the first-ever application of liquid biopsy to simultaneously profile multiple classes of genomic alterations using next-generation sequencing for the non-invasive detection and characterization of cancer in dogs, an important first step toward demonstrating such utility. Additionally, we demonstrate that canine cancers, like human cancers, exhibit significant intra-patient genomic heterogeneity at the tissue level. The sampling challenges imposed by this heterogeneity can be significantly mitigated by a non-invasive liquid biopsy testing approach, which provides a comprehensive, systemic view of the genomic landscape of malignant lesions throughout the body, and which can be easily incorporated into the current clinical routine. Finally, we demonstrate the potential utility of the test for detecting MRD by showing that residual somatic genomic alterations in plasma post-surgery correlate with incomplete surgical resection. Taken together, the findings of this study demonstrate that non-invasive liquid biopsy testing has the potential to support multiple use cases across the continuum of cancer care, for the benefit of canine patients.
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Microelectrode
Technique: O electrodes are put into solid tumors
Benefits: Provides direct readings of O, levels. Simple to use. Ability to acquire real-time readings

Drawbacks: Invasive procedure. May only be utiized in tumors that are accessible. Incapable of differentiating viable hypoxic tumor regions from
necrotic areas

Tissue based biomarkers
Technique: Nitroimidazole compounds, such as pimonidazole, are given systemically and are changed into protein adducts in hypoxic cells. Detectable
in biopsies through IHC

Benefits: Provides an estimate of hypoxia heterogeneity in different cancer regions

Drawbacks: Indirect measurement of O, concentrations. Invasive procedure (biopsy reqired). May not distinguish intermediate hypoxic phenotypes
(HIF-1 stabiiization occurs at higher Oz levels than that at which adducts are formed). Real-time measurements are not possible

Tissue based biomarkers

Technique: Assessing the expression of proteins induced in hypoxic conditions (GLUT1, CAS)

Benefits: The location of protein expression and data on functional status can be provided through IHC. Gives an estimate of hypoxia heterogeneity
within diferent cancer regions.

Drawbacks: Indirect measurement of O, concentrations. Invasive procedure (biopsy required). Protein expression can be manipulated by factors other
than hypoxia. Method limited to a small number of biomarkers due to antibody sensitivity and specificity issues. Real-time measurements are not possible

Tissue based biomarkers

Technique: Assessing gene expression levels

Benefits: Prognostic/predictive of response to hypoxic radiosensitizers

Drawbacks: Indirect measurement of O, concentrations. Invasive procedure (biopsy required). Gene expression can be manipulated by factors other
than hypoxia. Real-time measurements are not possible

Serological based biomarkers
Technique: Analysis of biomarkers present within the serum (osteopontin)
Benefits: Non-invasive. Real-time measurements are possible

Drawbacks: Indirect measurement of O concentrations. Biomarker levels can be manipulated by factors other than hypoxia. No information provided
on hypoxic heterogeneity in different cancer regions.

Positron emission tomography

Technique: Copper-complexed dithiosemicarbazone or nitroimidazole agents, given systemically, are taken up by hypoxic cancer cells. Agents are
attached to radiotracers that can be distinguished through PET imaging

Benefits: Non-invasive procedure. Capable of acqiring real-time data. Can provide an estimation of hypoxic heterogeneity in different cancer regions
Drawbacks: Indirect measurement of O, concentrations. May not distinguish intermediate hypoxic phenotypes (HIF-1 stabilization occurs at higher O
levels than that at which agents form adducts). Safety issues with the use of radicisotopes

Magnetic resonance imaging
Technique: Either blood oxygen level-dependent (BOLD) imaging, dynamic contrast-enhanced MRI (DCE-MRI) or oxygen-enhanced MRI (OE-MRI)

Benefits: Non-invasive procedure. Real-time measurements can be obtained. Can provide an estimation of hypoxic heterogenety in different cancer
regions. Radiation exposure avoided

Drawbacks: Possibility of artifacts. The parameters used to reflect O, levels and their link with hypoxia is yet to be determined

Advantages and disadvantages of each method used to measure tumor hypoxia (69).
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Histological description Quantity and frequency % Grade

Benign mixed tumor 11 (10.0) - - -
Adenoma—complex 5(45) = = -
Adenoma—simple tubular 4(3.6) - - -
Intraductal papillary adenoma 4(36) - -
Fibroadenoma 109 - - -
Intraductal cystic-papillry adenoma 109 - - -
Nipple ductal adenoma 1(09) - - -
Tubulopapillary adenoma 109 - - -
Subtotal 28 (30.8%) - = -
Complex carcinoma 12 (132) 9(14.3) 3(48) -
Carcinoma—mixed 9(99) 6(9.5) 2(82) 1(1.6)
Carcinoma—simple tubular 11 (12.1) 4(6.3) 4(5.9) 344
Intraductal papillary carcinoma 5(55) 3(4.8) 2(1.8) -
Carcinoma in a complex adenoma 4(4.4) 3148 1(15) -
Carcinoma—simple cribriform 3(33) 3(4.4) -
Carcinoma in a benign mixed tumor 3(33) 2(32) 1(1.6) -
Carcinoma—anaplastic 1(1.1) - 1(1.5) 1(1.5)
Carcinoma—solid 2(22) - - 2(32)
Comedocarcinoma 2(22) - - 2(32)
Inflammatory carcinoma: 2(22) - - -
Carcinosarcoma - 1(1.6) -
Carcinoma—simple tubular 1(1.6) - -
Carcinosarcoma 1(1.1) - - 1(1.6)
Carcinoma cystic-papillary 1(1.1) - 1(1.6) -
Carcinoma—micropapillary invasive 1(1.1) - 1(1.6)
Carcinoma—simple tubulopapillary 1(1.1) 1(1.6) - -
Carcinoma and malignant myoepithelioma 1(1.1) 1(1.6) - -
Carcinoma in a simple tubular adenoma 1(1.1) 1(1.6) - -
Carcinoma in a simple tubulopapillary adenoma 1(1.1) 1(1.6) - -
Carcinoma in a fibroadenomatous dysplasia 1(1.1) - - -
Carcinoma—in situ 1(1.1) - - -
Ductal carcinoma in situ 1(1.1) 1(1.6) - -
Ductal carcinoma 1(1.1) - - 1(1.6)
Subtotal 63 (69.2%) 33 (52.9) 18 (30.2) 12(17.5)

Total 91 (100%) 63 (100%)
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PC1 PC2

Exposure time

Concentrations 24 h 72h 24h 72h

0 0.24 + 0.02%A” 0.48 % 0.05*® 0.56 = 0.11%4 0.48 % 0.05%
3mg/ml 026+ 0.02°4  0.21 % 0.02°* 0.27 & 0.02°A 0.21 & 0.02°A
6 mg/ml 019+ 00294 0.21 % 0.02°4 0.20 & 0.02%4 0.21 & 0.02°A

Scott-Knott test (o < 0.05%). *lowercase letters in the same column are the comparing
concentrations within the same time and **uppercase letters in the same row are the
comparing concentration over different treatment times.
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Common cancers in humans. Common cancers in dogs

Bladder cancer « Anal sac carcinoma
Breast cancer * Lymphoma

Colorectal cancer Mammary gland cancer
Kidney cancer Mast cell tumor

Lung cancer Oral malignant melanoma
Skin cancer® Osteosarcoma
Non-Hodgkin Lymphoma Soft tissue sarcoma
Prostate cancer Splenic hemangiosarcoma

*Including melanomas as well as basal cell and squamous cell skin cancers.
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Molecular subtypes ER PR HER-2 Ki-67 HGM

Luminal A +++ +++ - Low Low
Luminal B HER-2 negative + - - High Mediunvhigh
Luminal B HER-2 positive + +- A+ High Mediumvhigh
HER-2 enriched - - . High High
Triple-negative - - - High High

LAR AR+, MUC-14

MES EMT genes+, PDGFRa+, c-Kit+

BLIS HMWCK, VTCN 1+

BLIA HMWCK+, STAT+

ER, estrogen receptor; PR, progesterone receptor; HER-2, humen epicermal growth factor receptor 2; HGM, histological grade of malignancy; LAR, luminal androgen receptor;
MES, mesenchymal; BLIS, basal-like immunosuppressed; BLIA, basal-ike immune-activated; AR, androgen receptor; MUC-1, cell surface-associated mucin-1; EMT, epithelial-
mesenchymal transition; PDGF R, platelet-derived growth factor receptor a; c-Kit, stem cellfactor receptor; HMWCK, high-moleculer-weight cytokeratins; VTCNI, immunosuppressive
V-set domain-containing T cell activation inhibitor 1; STAT, signal transducer and activator of transcription gene family.
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Antibody

Synaptophysin
NSE

CDs6

PGP 9.5

Chromogranin A

Estrogen Receptor (RE)
Progesterone receptor (RP)
Pancitokeratin

Ki67

Manufacturer

Monosan
Dako

Biocare Medical
Cell Marque
Dako

Dako
NeoMarkers
Dako

Dako

Clone

svas
BBS/NCNVI-H14
BC56004
polyclonal
DAK-A3

15

Ab-1 (hPRa2)
AE1/AE3

MIB-1

Dilution

1:100
1:1000
1:50
1:500
1:100
1:50
1:50
1:500
1:50

Incubation time/
temperature

Overnight 4°C
Overnight 4°C
Overnight 4°C
Overnight 4°C
Overnight 4°C
Overnight 4°C
Overnight 4°C
Overnight 4°C
Overnight 4°C

Antigenic recovery method

10 mM citrate (pH 6.0) in the pressure cooker (Pascal®, Dako)
10mM citrate (pH 6.0) in the pressure cooker (Pascal®, Dako)
10mM citrate (pH 6.0) in the pressure cooker (Pascal®, Dako)
10mM citrate (pH 6.0) in the pressure cooker (Pascal®, Dako)
10mM citrate (pH 6.0) in the pressure cooker (Pascal®, Dako)
10mM citrate (pH 6.0) in the pressure cooker (Pascal®, Dako)
10mM citrate (pH 6.0) in the pressure cooker (Pascal®, Dako)
10mM citrate (pH 6.0) in the pressure cooker (Pascal®, Dako)
10mM citrate (pH 6.0) in the pressure cooker (Pascal®, Dako)
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Patients Tumor size measured Mitotic figures Histological Presence of Regional lymph

to its largest in 10 HPFs grade lymphatic invasion node

extent (cm)
Patient 1 8.0 43 n No Not analyzed
Patient 2 15 46 n Yes Not analyzed
Patient 3 80 25 n No No metastasis
Patient 4 20 18 I Yes With metastasis
Patient 5 30 4 n No Not analyzed
Patient 6 50 34 " No Not analyzed
Patient 7 a5 22 n No Not analyzed
Patient 8 70 22 n No No metastasis
Patient 9 20 11 ] No No metastasis
Patient 10 43 13 [ Yes Not analyzed

“HPFs, high-power fields.
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Patients

Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6
Patient 7
Patient 8
Patient 9
Patient 10

Chromogranin A

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Synaptophysin

Negative
Positive

Negative
Positive

Negative
Negative
Negative
Negative
Negative
Negative

NSE

Positive
Positive
Positive
Negative
Positive
Positive
Positive
Positive
Positive
Positive

CD56

Negative
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Negative

PGP 9.5

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Ki67

50%
96%
75%
83%
50%

89%
29%
56%
54%

ER

10-25%
51-76%
51-75%
51-75%
10-25%
25-50%
25-50%
10-25%
10-25%
10-25%

PR

>75%
>75%
>75%
>75%
>75%
>75%
>75%
>75
51-75%
51-75%

CK AE1/AE3

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
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KEGG pathways, 24 h PDA-66

Cell cycle
Retinol metabolism
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p53 signaling pathway

Metabolism of xenobiotics by cytochrome P450

Chemical carcinogenesis

Missing values showed no enrichment of genes for this pathway.
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Cell line

PC-3
LNCaP
CT1258
PC-3
LNCaP
CT1258

Application

15uM PDA-66, 12h
15uM PDA-66, 12h
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